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Abstract 
Geological storage of CO2 is being considered as a viable option for reduction in anthropogenic CO2 emissions following suc-
cessful CO2 storage projects such as Sleipner and In Salah field.  Although significant research has been reported on the behav-
iour of CO2 in the subsurface geological formations, the concerns on mitigation of potential leakage from the storage reservoir 
through fractured caprock or other unpredicted CO2 flow behaviour, which forms a part of European Commission CO2 storage 
directive, has not yet been addressed.  
This paper presents the laboratory investigations complemented with field scale reservoir simulations of potential sealants 
to propose strategies that could be used to remediate CO2 leakage from the caprock or to control the flow behaviour in the host 
rock. Two materials were identified and investigated for their suitability for mitigation of CO2 leakage: a polymer-gel triggered 
by addition of a Chromium acetate cross-linker, and a latex based solution similar to the one used as wellbore gas mitigation 
products. Experiments were carried out on high permeability sandstone cores and a fractured marble core to investigate the 
flow characteristics of polymer and latex in porous media. Behaviour of sealants themselves was studied in order to ascertain 
their sealing properties for different concentrations of sealant over a range of temperatures, salinity and pH of the environment. 
Experimental results revealed significant reduction in permeability, greater than 99% with different polymer concentra-
tions in the injected water. Similar results were also obtained for the fractured core wherein a permeability reduction of 90% 
was noted, demonstrating their suitability for the possible remediation of leakage through caprock. Similar results were ob-
served in experiments with latex sealant where the permeability of cores was reduced by 99% but the reduction in permeability 
was not observed in the fractured rock core.  Both temperature and salinity were found to have significant impact on the per-
formance of these sealants. Through experimental observations, it was concluded that the polymer gel treatment is suitable to 
remediate leakage through the caprock and control flow behaviour within host rock, whereas the latex based sealant is more 
appropriate for injection into a shallow aquifer either as a preventive measure or to mitigate leakage of CO2 in case observed.   
Reservoir simulations supported the feasibility of polymer-gel remediation at reservoir scale and identified the spatial ex-
tent of the point of leakage that can be remediated for various types of polymer-gel solutions. Injection of polymer based on 
data obtained from the laboratory experiments indicated a possible mitigation of leak at a distance of 20m from the CO2 injec-
tion well but an appropriate selection of polymer is likely to mitigate leaks further away into the storage formation. Injection of 
latex sealant above caprock was found to be more efficient in reducing CO2 leakage rate compared to polymer-gel remediation 
technique by 25% 40 years after treatment. 
Introduction 
Climate change impacts of CO2 emissions in the atmosphere as a product of fossil fuel combustion have been known for dec-
ades. While the Kyoto protocol objective was to decrease greenhouse gas emissions by 5% on a 1990 base case for 2012, its 
outcomes are a lukewarm success with a global raise of 41% from the 200 members today (Le Quéré et al., 2009), and Canada, 
one of the larger polluters, leaving the treaty recently. The protocols that followed, such as the one in Copenhagen did not suc-
ceed to set new targets to fight properly the CO2 emissions for next decades due to disagreements between participants on how 
to split the emission cuts: E.U. calling for large cuts, developing countries not wanting to slow down their development, or 
some countries not wanting to affect their own industry. New efficient solutions have now to be created. 
Norway's awareness and 1992 CO2 policy, with high tax rates of 51 USD per ton of CO2 emitted, allowed the creation of 
the pioneer case for large scale CO2 storage in 1997 with the Sleipner field (designed and operated by Statoil), demonstrating a 
viable option that carbon capture and storage (CCS) can sustainably reduce the industrial emissions of such gases (Eiken et al., 
2011). Nowadays, carbon capture and storage is becoming a vital process for human kind since industrialised countries strug-
gle to reduce their CO2 emissions and developing countries are increasing drastically their emissions. 
While CO2 storage can be achieved in many reservoirs types, such as depleted oil and gas reservoirs, unminable coalbeds, 
EOR reservoirs, the higher potential of storage is said to be in deep saline aquifers which could represent a potential storage 
volume from 10
3
 to 10
4
 GtCO2, sufficient to store more than the total European CO2 emissions until 2050 (IPCC, 2005). De-
spite using technologies from the oil and gas industry, this type of storage is relatively new and questions started to emerge 
regarding the risks involved for the local environment during the process but also after its accomplishment: who is going to 
monitor reservoirs after their abandonment and more importantly, who is going to be responsible for applying a response plan 
in case of unpredicted behaviour? Does this respond plan even exists? Indeed, the major risk of CO2 storage for local commu-
nities as well as the environment is a failure in the capacity to maintain the CO2 underground, leading to the release of a dan-
gerous plume to the surface. The European Commission released innovative requirements for the acceptance of any new CO2 
storage project, emphasising the necessity of an “adequate remediation plan of any damage that may occur” (European Comis-
sion, 2009). 
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Following this new directive, the present paper has focused at investigating and recommending available options for CCS 
stakeholders in the case of a leakage, which can be integrated in the project permit. Moreover, CO2 storage as a whole have 
been largely detailed in literature but there is a lack of remediation techniques developed and particularly those using sealants 
in the case of leakages through faults or caprock. Therefore, a polymer-gel treatment is assessed as a new alternative remedia-
tion technique both with laboratory experiments and computer simulations. 
Leaks, risks, and caprock integrity 
Consequences of a leakage in a CO2 storage project would be devastating on the local area. The stability of the soil and deep 
strata would be changed by the rising CO2 plumes modifying the pH of pore fluid leading to the release of heavy metals like 
arsenic, which could lead to major damage on potable water resources, especially in countries like the USA where a lot of peo-
ple have their own water well. Sudden release and long term accumulation of CO2 at surface, like in household basements or 
unventilated areas would also bring large intoxication cases since concentrations over 15% in air can lead to collapse and more 
than 30% to death (Louis F. et al., 1999). Such issues are not very relevant at the moment, since most projects are undertaken 
in remote areas or offshore, but will have to be emphasised before the start of new projects involving populated areas and also 
to meet the requirements of the new EU Directive. 
Risks and leakage rate are mainly dependant on the type of the leak. Table 1 is listing known types of possible leakages in 
a CO2 storage project. Understanding types of leakages is important in order to design a critical part of a CO2 storage project: 
monitoring. Even if a strong focus has been on the assessment of the field integrity in the early stages, surface monitoring and 
observation wells are needed for both early and long-term leak detection (Perry, 2005). Precise leakage location can be 
achieved with an efficient old technique requiring deployment of several observation wells (Burnett, 1967), but also with re-
cent techniques such as: time-lapse 3D seismic, tracers, land surface deformation (tiltmeters), soil sampling, or satellite/plane 
radar imaging. The latest been found to be the cheaper example (Sweatman et al., 2010), however, pressure monitoring and 
seismic surveys are the most advanced ones (Benson, 2006). 
 
Table 1 - Overview of possible leakage types in a CO2 storage project 
Type of pathway MAN-MADE NATURAL 
Location Well Cap-rock Host-rock 
Type of leakage 
Bad cementing 
Casing corrosion 
Failure of interface 
Failure of cement plug 
Fracturing due to increased pore pressure 
Capillary entry pressure lower than expected 
Geochemical reaction with minerals in caprock 
Reactivation of faults 
Micro-seismicity 
 
Major concerns are expressed on caprock leakage: since permanent trapping of the CO2 is a long-term process, gaseous 
CO2 structural trapping is only achieved by the caprock hence the importance of its perfect integrity. Fracture pressure of the 
rock obviously has to be perfectly defined and the injection perforation kept away from the caprock interface. Lower part of 
this rock has to withstand hydro-mechanical stress modification since pressurising of the aquifer may bend the layer upward 
which can result in crack propagation and/or creation under tension and compression effects. Change in porosity and permea-
bility due to mineral weathering may also occur because of reaction between low-pH carbonated brine and organic content of 
the rock (Shukla et al., 2010). All these interactions have to be studied during the appraisal phase to prevent any failure of the 
seal.  
Leak detection and identification is a very important process for selecting an appropriate leakage remediation technique to 
apply. Figure 1 illustrates typical leakage pathways and monitoring technologies.  
 
 
Figure 1 – Representation of CO2 leakage pathways and monitoring set-up. Compiled after (Benson and Hepple, 2005; Kuuskraa, 2009) 
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Overview of reservoir remediation techniques 
With the rise of CCS projects under development and the concerns expressed by local communities, new remediation tech-
niques have been developed during recent years. The main objective of these is to remove any potential risk following a leak-
age. Selecting the appropriate measure of remediation in case of CO2 leakage is important and should be tackled during the 
design phase of the project: an evaluation of every technique have to result in two parameters, rapidity and efficiency. 
American natural gas storage industry provides a good analogue to assess the issues of uncontrolled gas migrations: while 
the technology for leakage along wells is available, understood and cheap, most techniques for any other leakage are expensive 
and continuous, thus not very suitable for thousands of years in the case of CO2 storage (Perry, 2005). Caprock leakage, for 
example, has still not been remediated successfully and may lead to the abandonment of the project. Most of the remediation 
methods were developed for former hydrocarbon reservoirs while CO2 storage is nowadays mainly considered for saline aqui-
fers. 
Techniques for uncontrolled CO2 migration in geological formations are usually grouped under three very distinct catego-
ries: the ones reducing the driving forces of the leakage, the ones trying to stop the leakage itself, and the others which do not 
stop the leakage but intercept the gaseous CO2 in the reservoir and/or the leak plume. 
The first group should not be considered as a remediation strategy but more as the first step of a global response plan. 
Lowering injection rates or pressure, shutting off wells, and decreasing reservoir pressure are the first actions generally under-
taken right after abnormal reservoir behaviour detection.  
Belonging to the second group, the design of a hydraulic barrier (Celia et al., 2002; Réveillère and Rohmer, 2011) is  one 
form of remediation applicable if the geology of reservoir and over laying formations allow its feasibility: since a caprock leak 
is driven by an upward pressure gradient in a fracture or a fault between the reservoir and formation above, the leakage could 
be stopped by suppressing this gradient or even better reversing it leading to a natural equilibrium between the formations. 
Computer simulations showed that the leakage can be stopped in less than a year and prevent any other to occur in the future, 
but also that injection rate have a low influence on the long term leaked CO2 .On the other hand, time of intervention can have 
a strong impact on the total amount of leaked CO2 with a change of 275% and 350% respectively for a 6 and 12 months de-
layed intervention compared to an instant one. 
Another efficient technique is the injection of brine directly in the plume of the CO2 in order to enhance and force both 
capillary tripping and dissolution of the gas (Manceau et al., 2011). Such method is said to remove no gaseous CO2 after a nine 
month period of injection while a simple relaxation would have led to 23% of the CO2 still being mobile. Hence the suitability 
for a quick response to a major leak in CO2 storage. Performances could be improved by increasing both injection rate and 
length of perforation but issues of fracturing pressure and strains on the caprock have to be considered.  
Beside stopping the leakage, the reproduction of the leaked CO2 is a technique allowing to reduce and avoid any pollution 
or risks for surface environment. Different types of well and strategy can be used. In case of ground water aquifer contamina-
tion (Esposito and Benson, 2011), vertical wells are more suited for small leakage plume while horizontal well have to be used 
for larger volumes. Position of the well also influences the efficiency of the process: horizontal well placed at top level will 
give a quicker removal in case of near risk necessitating a quick respond while mid-depth position is giving the best removal 
percentage on a long term basis. Combining first water injection to dissolve leak-centre CO2, then several producers at the edg-
es of the plume is to date the most efficient solution for this type of scenario. 
Reproduction of the reservoir itself can also be undertaken as a remediation measure, but the CO2 removed has to be han-
dled with care both for economical and ethical reasons. A simulation study on CO2 reproduction from the Sleipner field have 
shown that a reproduction of roughly 40-50% on a 6 to 8 year time period would be feasible (Akervoll et al., 2009). Particular 
attention has to be paid on the placement of the well, but also the length of it in order to reduce water production and maximise 
the gas produced. 
Depending on the size of the project and the importance of leakage, the remediation technique to set-up could have a very 
negative impact on the economics of the project: from the CO2 release in the atmosphere by factories which no longer can in-
ject it (around $1M/day), to depollution of vadoze zones (Sweatman et al., 2010), to the process itself costing $30M in case of 
reasonable leaks identified to the costly full abandonment and reproduction of the CO2 (Kuuskraa, 2009).  
 
 
Table 2 - Along well CO2 leakage remediation techniques (Sweatman et al., 2010). 
Risk Scenarios Remediation Options 
Abnormal CO2 flow and leakage 
through active or abandoned wells 
 Shut off valves / Lower injection rate or pressure / Decrease reservoir pressure 
 Internal wellbore leaks repaired by cement plug or sealant inside casing or liner pipe 
 External leaks sealed with cement of sealant with help of a path like perforation 
 Recompletion of damaged tubing, connections or packers responsible for the leak 
 Repairing tubing and casing presenting holes or corrosion with sealant, casing patches and 
scab liners, or even replacing the element. 
 Not repairable well to be plugged or abandoned 
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Polymer-gel remediation technique 
Description 
The development and appraisal of this new remediation technique consists of adapting a process mainly used in enhanced oil 
recovery (EOR) and water/gas mitigation to a wellbore and applying to a whole new area in CO2 storage: different fluids, tem-
peratures, strains, and pH. Salinity of the aquifer environment is not a common property for these products. The choice of the 
material used is crucial since its ability to reduce permeability must be very high but also last in time. Moreover, the less vis-
cous the injected fluid, the further it is able to remediate a leak in the reservoir hence the importance of initial fluid properties. 
All these factors allow pre-selecting the best sealant adapted to a CO2 storage case. 
The choice of polymer use in such application is explained by the chemistry of polymers. The structure of polymers al-
lows to be modified in time either by adding an additive, or just by the environment such as temperature, pressure or surround-
ing fluids (Chang, 1978). Another property of this fluid is adsorption phenomena: polymers get bonded to rock surface in an 
irreversible contact mechanism due to Van der Waals principle, thus increasing the strength and stability of the remediation. 
Polymer solutions are composed of a carrier fluid (fresh water, brine, or gel) and plastic molecular chains which are not 
attracted to each other due to the same surface potential charge. Size of these chains can vary from 10
-3
µm to more than 1µm. 
Figure 2 is representing the chemistry and visual aspect of polymer chains. 
 
 
         
Figure 2 – Left: Typical structure of a polyacrylamide polymer (SNF-Floerger, 2012). Middle: artistic representation of polymer chains 
in carrier fluid. Right: polymer-gel with cross-linker action in red.      
 
Another characteristic that polymers share with other materials is swelling: it adsorbs surrounding water and swell, thus 
occupying the pore volume available inside the rock and lowering the permeability. Water swellable materials have been inves-
tigated during the choice of the appropriate remediation fluid. Water swellable polymers (WSP) as well as water swellable rub-
bers (WSR) behaviour are available in the literature on water shut-off treatment (Abbasy et al., 2008). The swelling curves 
from Figure 3 show that these materials are not suited for the development of a CO2 leakage remediation technique since the 
working time is very short due to their immediate swelling in the presence of water. The trend of the first injecting hour is in-
deed more designed for a wellbore scale application than a reservoir scale process. 
 
The behaviour needed for the injection fluid in case of a 
CO2 leakage remediation scenario is the one provided by pol-
ymer-gel in three distinct steps: first the fluid remain un-
changed during several hours of injection, then gelation oc-
curs due to kinetic reaction between the chemical compo-
nents, finally a gel is created and remain on a stable manner 
as a strong fluid occupying the pore volume. A polymer-gel is 
obtained by mixing a common polymer carrier fluid with a 
cross-linker (usually chromium acetate, Cr
3+
) to trigger a ki-
netic reaction which is bonding the molecular chains together 
as shown in Figure 2. The unique property of a polymer-gel is 
its sudden increase in viscosity which stops the progression 
inside the reservoir. This phenomenon is called the “gelation” 
while the stable state before is qualified as a “working time” 
because no actions can be applied to the gel after gelation. 
This time is dependent on the characteristics such as chemis-
try, molecular weight and concentration of the polymer, tem-
perature, or cross-linker type.  
 
Figure 3 – Swelling curves of water swellable polymer (WSP) and 
water swellable rubber (WSR), (Abbasy et al., 2008). 
 
For example, a height molecular weight provides a stronger final gel but a more viscous initial state thus a shorter 
progression during the injection phase. 
While the invention of gel technology started very early (Malmberg, 1939) its application to water shut-off is more recent 
(Needham et al., 1974; Wagner et al., 1972) as well as the first field use (Mack, 1978). Two main types of polymers are availa-
ble and the main application properties have been published (Du and Guan, 2004; Needham and Doe, 1987). Table 3 lists the 
advantages and drawbacks for each one.     
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Table 3 - Characteristics of main polymers available in the market. 
Type of polymer Advantages Drawbacks 
Bio polymer 
(Xanthan Gum) 
Excellent viscosifying in saline water 
Higher resistance to shear degradation 
Higher propagation is reservoir (no adsorption) 
Higher prices 
Wellbore plugging issue 
Lower molecular weight  
Micro-bacterial degradation 
Fast degradation (T° > 93°C) 
Less viscosifying in fresh water 
Synthetic polymer 
(Polyacrylamide) 
Good viscosity in fresh water 
Low price (large market share) 
Lasting permeability reduction by adsorption 
Degradation with shear stress 
Low performance in saline water 
May precipitate in calcite with temperature 
 
 
Regarding the type of reservoir where polymers are to be injected, no perfect polymer is to be found: bio-polymers are 
indeed good for a high rate injection in the CO2 leakage scenario but all the drawbacks may lead to a severe issue of stability. 
Attack of the polymer-gel by bacteria, yeasts or fungi represent a risk, and biocide injection is not always successfully 
achieved. The plugging of the leak, or permeability reduction, has indeed to be lasting a long time. It is believed that, despite 
the advantageous behaviour of bio polymers (mostly represented by Xanthan Gum) in very saline water, the stability of poly-
acrylamide with adsorption phenomena should be preferred. The low performance of synthetic polymers in saline reservoirs is 
generally avoided by using a slug of fresh water as a front before the polymer injection (Du and Guan, 2004). Such a principle 
should be used as the CO2 leakage remediation technique. The brine in aquifer must be carefully analysed to determine a 
matching polymer or even design a micellar solution to decrease the saline effect. Same principle applies to aquifer rocks: 
presence of clay, for example, consumes a lot of polymers due to the adsorption and swelling of clays resulting in the loss of 
polymers during working time and a poor efficient plugging. 
 
 
Gel characterisation experiments 
SNF Floerger, world's largest manufacturer of organic coagulants and synthetic flocculants, provided two types of polymers for 
the purpose of the study. Both polymers were delivered in an aqueous solution as shown in Table 4 with main characteristics of 
the polymer-gel used for all experiments. Polymer itself is not toxic and can be handle easily. Chromium acetate, used here in 
powder form on the other hand, has to be handled with care (fume cupboard) because of its toxicity. This chemical is common-
ly used in the petroleum industry and has not been proved to be carcinogenic. 
First step of experiments was to appraise the gel formation. Since both polymers did not turn to gel using the concentra-
tions recommended by SNF, different percentage mixtures of polymer and chromium acetate were assessed. These experiments 
allowed observing different aspects of each concentration like its strength, stability and how it is reacting with its environment. 
Both polymers, despite different chemical properties, turned into the same type of gel which has the appearance of “British 
jelly” as shown in Figure 5. General formation of gel complied with the expectations to support its selection over other prod-
ucts: polymeric solution is stable and remains in the same state even after the cross-linker addition, later and very suddenly 
forms a thick solution under the chemical reaction. Its viscosity changes from several centipoises (depending on polymer con-
centration) to hundreds-thousands of centipoise. This is the important characteristic which is going to allow its deep injection 
into the reservoir and then reduce the relative permeability of water and gas inside the matrix. The swelling of the polymer by 
adsorbing surrounding water is also improving this last property. 
 
Table 4 - Characteristics of polymer solutions provided by SNF Floerger. 
Name of the polymer SB-15 AO-22 
Concentration of polymer 15% 22% 
Carrier fluid Water Water 
Molecular weight High High 
Maximum temperature Medium Medium 
Salinity resistance Medium Medium 
Anionicity High High 
Cross-linker used Cr3+ Cr3+ 
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Figure 4 - Viscosity evolution during gel formation. 
 
Figure 5 - Picture of the gel formed.  
  
Figure 6 - Viscosity evolution of polymers at different concentra-
tions. 
 
Figure 7 - Influence of polymer concentration on working time. 
  
Figure 8 - Viscosity evolution of polymers at different tempera-
tures. 
Figure 9 - Influence of surrounding temperature on working time. 
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All the graphs above were obtained using the ball bearing method to calculate the viscosity of the solution which was 
contained in 50 centimetres glass tube. Since this method does not give a very accurate value for the viscosity in centipoise, it 
was agreed to calculate the relative viscosity: µ/µ0. Equation (1) shows the relationship between time of fall and viscosity: 
       
  (            )    (
     
 
)
 
       
....................................................................... (1) 
Figure 4 is represents both “working time” and “gelation time” of the polymer well, confirming its suitability for the re-
mediation purpose. A threshold ratio of µ/µ0 ≤ 200% has been set to identify the working time, or injection time, considering 
that injection properties are reasonably constant even with a small increase of viscosity. Same shaped-curves have been ob-
tained for different concentrations as well as for the second polymer as presented in Figure 6. An increase in the concentration 
seems to accelerate the kinetics of the gel reaction. Therefore, stronger and more stable gel obtained by increasing the concen-
tration only will travel less in the aquifer during remediation. By applying the 200% threshold on these curves, Figure 7 shows 
the evolution of working time as a function of polymer concentration in the injected solution for both polymers. Both curves 
have the same shape which corroborates the similar chemistry between the two polymers. Increase in polymer concentration 
has a huge impact on the injection time. A careful choice of concentration has to be made during designing the remediation 
process. 
As the temperature of an aquifer at 800-1,000 metres depth is around 40°C, behaviour of the gelation was also investigat-
ed at this temperature and at 80°C for a deeper saline aquifer. An increase in the gelation process was expected but not as much 
as represented in Figure 8. The working time is literally disappearing by increasing temperature. Indeed, temperature of the 
solution not just decrease global viscosity like any other fluid, it directly influences the kinetics of the reactions involved and 
the activity of the colloids (SNF-Floerger, 2012). By plotting working time as a function of temperature of the aquifer on a 
semi-log graph as in Figure 9, the behaviour observed is a decreasing exponential curve since it is appearing as a straight line. 
The temperature effect inside the aquifer can be easily determined by creating a similar graph with only few points. After es-
tablishing the behaviour of the polymer, next step was to flood cores with it and observe CO2 breakthrough.  
Impact of the cross-linker in the solution has also been investigated. While reducing it to 25,000ppm increased the work-
ing time slightly, increasing it to 75,000ppm did not reduce it, and it was decided that its impact is negligible. 
 
Core flooding experiments using polymer-gel solutions 
In order to assess the performance of polymer-gel solutions to limit CO2 flow in an aquifer, experiments were conducted using 
a Hassler cell as shown in Figure 10. Two types of sandstone cores were used as described in Table 5, with low and high per-
meability. For each core the following standard procedure has been followed as illustrated in Figure 10: 
1. Oven and vacuum the core overnight to remove any fluid inside the pores 
2. Rock porosity and permeability measurement with water (low k) or CO2 and back-pressure (high k) 
3. Saturation with brine followed by drainage with CO2 until Swc is reached  
4. Preparation of desired polymer 
5. Injection of the polymer solution (3 to 5PV) 
6. Cleaning of the cell inlet/outlet, lines, and pump straight after the injection step 
7. Gelation of polymer under confinement pressure overnight 
8. Breakthrough of CO2 by applying a constant pressure flow around 50psi (1MPa = 145.0377psi) 
A particular attention had to be paid on the cleaning step not to plug the equipment; especially the pumps and the cell since no 
solvent tested were able to dissolve entirely the gel (acetone, ethanol, methanol, and propanol). Because of the compression of 
the CO2 inside the core during permeability measurements, the Klinkenberg effect has been considered as shown in equation 
(2). 
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Figure 10 - Schematic of the laboratory set-up for all experiments. 
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Table 5 - List of cores used for CO2 breakthrough experiments. 
Rock Stainton Doddington 
Number 1 2 1 2 3 4 5 6 7 9 
Porosity 0.19 0.19 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Pore volume (ml) 17 17 17.5 17.5 17.5 12.2 12.2 12.2 12.2 11.4 
Permeability (mD) 2.23 6.27 2182 2180 1928 2147 2171 1936 2058 2202 
 
First experiments were conducted on the low permeability Stainton rock core, although polymer flooding is not normally 
recommended for rocks with permeability lower than 10mD. As shown in Figure 11, a breakthrough is observed suggesting 
that even in such a low permeability rock, gel at 2.1% concentration is not able to plug the core totally. Shear stress due to this 
low value might have decreased the power of the polymer. Nevertheless, a strong permeability reduction has been achieved as 
presented in Figure 12 with more than 99% of reduction leading to a value in micro-Darcy scale. Same rapid breakthrough be-
haviour was also observed with the lower permeable Stainton core. Similar experiments were carried out using the very high 
permeability Doddington cores with an average value of 2,000mD, which help simulate high permeability aquifers such as the 
Utsira formation in the North Sea. Breakthrough is achieved by applying roughly the same constant pressure CO2 flow of 
50psi, as in the case of Stainton cores. Stabilisation of the flow occurs later with the Doddington cores. CO2 flow of almost 
300ml/min was observed with the 2.1% polymer-gel but the permeability reduction obtained was excellent: down from 
2,180mD initial permeability to 6.5mD breakthrough permeability, resulting in 99.7% reduction as shown in Figure 12. 
Stronger gels were then prepared and injected in new cores since the previous core could not be cleaned with traditional sol-
vents. Differential pressure stabilisation monitored was equivalent to the weaker gel but the CO2 flow rate was drastically re-
duced with breakthrough values on micro-Darcy scale and a permeability reduction of more than 99.99%. Such gels would be 
ideal in sealing CO2 leaks but the  leakages remediated will have to be at a smaller distance from the injection point compared 
to the first gel tested because of the higher initial viscosity and reduced working time. 
The experiments reported above were conducted with a brine of 3,000ppm total dissolved solid (TDS). Since the brine in 
saline aquifers are more saline than seawater, larger values of sodium chloride and potassium chloride were used with the next 
cores. In order to evaluate the performance of polymer-gels in medium and large scale salinity environments two other brine 
mixes of 120,000ppm and 250,000ppm TDS were used in core numbers 4 and 6 respectively. As shown in Figure 13, the dif-
ferential pressure in the fourth core decreased less steeply than the previous core at start but continued to fall for a long time 
only to stabilise after 30 hours of CO2 injection. Consequently, the CO2 flowrate was also significantly higher and the break-
through permeability was 235mD. An increase of 9% in the salinity led to a 3,500% permeability augmentation showing the 
destruction of the polymer chains and the crucial role of polymer selection for such remediation. Despite this, the permeability 
reduction was still quite satisfying with almost 90% of reduction achieved as shown in Figure 14. In the case of very strongly 
saline brine, the breakthrough differential pressure observed was quite unusual and the stabilisation process was extremely 
slow. The experiment had to be stopped before stabilisation in order to allow time to assess the performance of the next sealant. 
The observed behaviour of the gel can be explained by high degradation of the polymer chain by the salinity and large CO2 
flow rate. Further experiments will be needed to assess the impact of very high salinity on this polymer but also on polymers 
designed for high salinity environments such as the bio-polymers which were not considered in this research. 
The last core flooding experiment was conducted with a 0.8PV water slug as used in harsh fields where some minerals 
can strongly affect polymers. The slug helps wash out and dilute the salt present in the pore volume ahead of the polymer. Re-
sults presented in Figures 15 and 16 support the idea that polymer remediation process should be designed together with a wa-
ter slug in high salinity environments. Exact reproduction of field water slug behaviour is quite difficult in the laboratory (Du 
and Guan, 2004), however,  57% decrease in breakthrough permeability observed warrants further research on this topic. 
  
 
  
Figure 11 –Effect of polymer concentration on differential pres-
sure and gas flowrate during CO2 breakthrough at 40°C. 
Figure 12 - Permeability reduction achieved with different poly-
mer concentrations. 
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Figure 13 –Effect of brine salinity on differential pressure and gas 
flowrate during CO2 breakthrough at 40°C. 
 
Figure 14 - Permeability reduction achieved with different salinity 
brines. 
  
Figure 15 – Effect of water slug use on differential pressure and 
gas flowrate during CO2 breakthrough at 40°C. 
Figure 16 - Permeability reduction achieved with and without a 
water slug. 
 
Experiments simulating the treatment of fractured caprocks using polymer-gel solutions 
The next set of experiments were conducted to assess the performance of polymer-gel solutions to reduce the permeability of 
fractured caprocks using a similar approach to that reported in the literature (Chakravarthy et al., 2006): two Carrara marble 
cores (>99% calcite) were cut in the middle in order to create a single fractured core as shown in Figure 18. Porosity and per-
meability of the calcite core are considered to be null. Calcite is one of the most common natural sealing rocks in aquifers and 
is perfectly matching the behaviour of traditional rocks with low permeability and porosity but, more importantly, it allows 
focusing on the main research question: the performance of polymer-gel solutions in sealing a fractured caprock. 
Since the core is in two pieces, permeability of the fracture is a function of the stress applied on the core by the confine-
ment pressure. The higher the confinement pressure applied, the lower the aperture of the fracture hence the reduction in per-
meability value, Figure 17 (Reiss, 1980). 
 
    
 
 
 
   
  
              
   
   
 
  
 
...................................................................... (3) 
 
In order to simulate the injection of polymer, polymeric solutions were prepared in small quantities and spread over both 
surfaces of the fracture (Abbasy et al., 2008). Both pieces were then bonded with PTFE tape. After overnight gelation, a con-
stant pressure CO2 flow (75psi) was applied during CO2 breakthrough. 
Results obtained with all different concentrations of polymer in the gel achieved more than 93% permeability reduction 
during CO2 breakthrough confirming the efficiency of such process in order to reduce the leakage of CO2 in a short period of 
time. While breakthrough permeability obtained with 4.1% and 6% polymer-gel solutions were reasonable and consistent, the 
permeability value obtained for the 2.1% polymer-gel solution appeared to be unexpectedly low (Figure 20).  It is believed 
that, in this case, breakthrough permeability should be above 600mD. Therefore, further experiments should be carried out to 
confirm or reject the 24mD value. Furthermore, full characterisation of fracture sealing properties of polymer-gel solutions 
should be  carried out under different confinement pressures representing different fracture permeabilities. 
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Figure 17 - Fracture permeability under different confinement 
pressures. 
Figure 18 - Pictures of the two half calcite cores representing the 
caprock fracture (37mm x 55mm). 
  
Figure 19 - Differential pressure and gas flowrate duringCO2 
breakthrough. 
Figure 20 - Permeability reduction achieved with different poly-
mer concentrations. 
 
Core flooding and fracture sealing experiments using a latex-sealant 
Another type of sealant based on a latex compound was investigated. The main characteristic of this solution is that it is not 
activated by a cross-linker and time, but by the flow of CO2. The use of this sealant has been suggested as a CO2 remediation 
technique but this has never been tested in laboratory experiments (Sweatman et al., 2010). Since it is activated by CO2, this 
sealant could be applied as a preventative measure by injecting it above the caprock in the overlying formation/aquifer so that, 
if a leak occurs, the CO2 would react with the solution and plug the whole rock matrix above the caprock automatically. Using 
it as a remediation technique would not be very efficient since it would require drilling a vertical or horizontal well to the leak-
age point and then inject it. Other sealants such as cement or resin can also achieve the same result in a more effective way. An 
injection from the main CO2 injector in the storage aquifer is not feasible because of its instant reaction with the surrounding 
CO2, in other words, the solution would never reach the target leakage point tens of metres away. Nevertheless, behaviour of 
the latex sealant was investigated with both the representative aquifer and caprock samples. 
When approached, the service companies were found to be reluctant to provide the research with latex based sealants in 
fear of investigations in to its chemistry. Therefore, the product used in this project was obtained from the cycling industry: 
Caffélatex™ produced by Effeto Mariposa is normally used as a tyre sealant. It contains four main components: water, latex, 
ammonia, and a mix of rubber shavings-sawdust-paper fibre. Ammoniated water keeps latex suspended in solution because of 
its alkalinity while ammonia helps to fight fungus and rot since latex is a natural compound. It appears that the CO2 is trigger-
ing the reaction not because of its molecular type but by making water a trifle acidic so that it can no longer hold diluted latex. 
With the purpose of characterising the triggering effect of the sealant, different latex-based solutions were exposed to dif-
ferent fluid and temperature conditions. The same volume of 5mL was prepared each time and a constant fluid flow rate of 150 
ml/min was applied in the experiments. Results presented in Table 6 indicate that, without any flow through the solution, there 
was no reaction to form a solid latex even with an increase of temperature. A simple bubbling of air flow, which has a small 
concentration of CO2 (0.03%), would fully trigger the reaction: the solution turns to a foam quickly but does not convert to 
solid unless the bubbles are in contact with a material other than glass. Furthermore, it was established that Nitrogen flow does 
not change the state of the solution suggesting that oxygen is responsible for foam formation during air flow. On the other 
hand, and as expected, CO2 flow, turned the solution to a very strong solid latex which would fill any rock pore volume. Since 
the latex mixture is going to be injected and remain in contact with water, the dissolution effect of saline water at different sa-
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linities was also tested. The triggering of the reaction did not appear to be slower as expected, on the contrary, it became much 
faster suggesting that salt is playing an important role in the reaction. Therefore, the salinity of the formation fluid in the target 
formation has to be assessed at the early stages of the design process.  Experiments have also shown that the reaction is trig-
gered not by CO2 alone, but by an increase in the pH of the solution. As presented in Equations (4), (5) and (6), when NaCl is 
present at a low percentage, only reaction (4) takes place and the solution remains liquid. But with very high salinity reaction 
(5) takes place in the solution leading to the diffusion of H
+
 ions just like CO2-water reaction (6). Since the increased amount 
of H
+
 ions triggers the reaction, lowering of the pH (acidity) is proved to be the cause of whole reaction as H
+
 is linked to pH 
according to (7). Temperature has also an impact on the reaction since auto-dissociation of water, as in Equation (5), is more 
favourable at higher temperatures leading to an increase in pH as shown in Table 6. It was found that, at 80°C a mixture with 
50% brine (12%NaCl) is at the limit pH because of almost instantly reacting with the flow of CO2.  
 
            
           .................................................................... (4) 
            
            ........................................................... (5) 
             
    .............................................................................. (6) 
            ................................................................................... (7) 
 
Table 6 - Latex based sealant reaction properties at different temperature and concentrations 
Composition Temperature (°C) Surrounding fluid Exposure time State of sealant 
100% latex 20, 40, 80 Air, N2,CO2 5h Liquid 
100% latex 20, 40, 80  Air Flow 10m Foam 
100% latex 20, 40, 80 N2 Flow 1h Liquid 
100% latex 20, 40, 80 CO2 Flow 190s, 172s, 158s Solid 
50% latex, 50% brine (3% NaCl) 20, 40, 80 CO2 Flow 38s, 31s, 16s Solid 
50% latex, 50% brine (12% NaCl) 20, 40. 80 CO2 Flow 22s, 18s, 4s Solid 
50% latex, 50% brine (25% NaCl) 20 Air 0s Solid 
 
The experimental conditions applied to the fractured core were similar to that used with the polymer-gel solution: the la-
tex solution was spread on both surfaces of  the core which is then bonded and placed in the Hassler cell. Since there is no ge-
lation time required, the flow of CO2 was started straight away, but at a much lower rate in order to avoid displacing the latex 
solution out of the fracture surface.  
The assessment of the performance of latex solution in a simulated aquifer formation was carried out in a different way 
than that used for the polymer-gel solution. In order to flood the aquifer core, the rock was placed in a beaker filled with the 
latex sealant and placed in a vacuum jar. This process does not reflect the flooding process in an overlying aquifer exactly, 
however, it is believe that this was close enough to achieve a realistic estimation of the sealant  performance. 
 
  
Figure 21 - Breakthrough and flowrate of CO2 for both caprock 
and core. 
Figure 22 - CO2 permeability reduction achieved in both caprock 
and core. 
 
As shown in Figure 21, breakthrough in the core started right at the beginning since latex in the pores is still liquid and 
needs time to react in becoming acidic. Contrary to expectations, a drop in CO2 flow rate did not occur after a few minutes. 
This might be explained by an increase in the reaction inside the core compared to a standard reaction in a beaker or a reading 
error on the flow meter.  Nevertheless, the permeability reduction achieved was excellent as presented in Figure 22, with more 
than 99.99% of reduction at breakthrough. 
The performance of the latex sealant in remediating a fracture was poor. Breakthrough in fractured core was very fast, 
with a quick stabilisation after four hours but the reduction in permeability was quite disappointing. This is probably due to the 
displacement of the latex solution from the fracture before triggering of the reaction. On the other hand, the use of this product 
as a new prevention-remediation technique is quite thrilling. For example, slow injection above the caprock would allow the 
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spreading of the product over the area of the CO2 plume and waste less product compare to a remediation technique where the 
injection rate has to be high in order to plug the leak quickly, but consumes large quantity because the fluid propagates in three 
dimensions (also due to gravity). 
Major concern with this new latex based sealant is its injectivity: can the latex be kept on a stable state during the whole 
process? An experimental set-up using long cores and a looped injection with a continuous flow pump should be able to an-
swer this question. Moreover, is there a rock adsorption phenomenon by the rock surface just like with polymers? Does an im-
bibition occur once the sealant is placed over the storage formation and the injection stop? How is time affecting the stability of 
the fluid inside the matrix? How is the solution front mixing with the brine of the aquifer? therefore, a lot of experiments  have 
to be carried out to appraise the full behaviour of this new sealant. 
Numerical simulations of the performance of polymer-gel and latex solutions 
The results of laboratory experiments were used in computer simulations aimed at investigating the full potential of these new 
leakage remediation and prevention techniques on a reservoir scale.. The two main objectives of the simulations were to de-
termine the  maximal distance from the injection well that can be reached by polymers, and the long-term behaviour of the 
leakage process driven by the CO2 once the remediation is completed. Both processes were simulated using the industry stand-
ard software ECLIPSE but, unfortunately, the polymer module is only available in E100, while CO2 storage module is availa-
ble in E300. Therefore, each process was simulated separately and implemented as follows: 
- CO2 storage is modelled in E300 yielding accurate information on the CO2 phases (gaseous, trapped, or dissolved) 
- Saturation data are imported in E100 and polymer injection is performed, obtaining the volume affected by polymers 
- Permeability and PV reduction is applied to the same volume back in E300 and the leakage is observed on a long-term 
basis. 
 
The model properties used during the simulations are listed in Table 7. The aquifer region is considered as a homogeneous res-
ervoir with uniform properties in all directions. Its large horizontal extent is aimed at representing a large aquifer like the Utsira 
formation at Sleipner. Cells representing caprock are deactivated in ECLIPSE by setting their porosity to zero: purpose of sim-
ulation is not about molecular diffusion or capillary entry in the caprock, hence the deactivation of these cells. In order to mod-
el the leakage, the fracture module in ECLIPSE is used to introduce a pathway through the caprock after the injection of CO2. 
The overlaying layer where the CO2 is leaking in to is represented as a porous formation like the aquifer. Grid refinement was 
implemented to ensure accurate information at the centre of the aquifer (where both CO2 and polymer are injected),which also 
led to a lower simulation time. The length of the grid cells varied from small 2m cubic cells to flat 15km cells reflecting the 
volume and pressure increase in the aquifer. 
 
Table 7 - Model parameters used in E100 and E300 simulations. 
Region Overlaying formation Caprock Aquifer 
Thickness 50m 80m 100m 
Area 40km
2
 40km
2
 40km
2
 
Porosity 0.15 0 0.20 
kh 400mD 0mD 2000mD 
Kv/kh 0.1 1 0.1 
Sw 1 0 1 
Salinity 0ppm 0ppm 120,000ppm 
Top depth 1000 1050 1130 
Temperature 40°C 40°C 40°C 
Pressure at top 9MPa 9.5MPa 10.5MPa 
 
The injection scenario is based on storage of 500,000t CO2 
per annum. CO2 is in a supercritical state during storage 
(Pc=7.38MPa, Tc=31ºC. The multi-component model is used in 
E300 with: H2O, CO2, and NaCl, the latter having strong influ-
ence on mutual solubility and activity coefficient of the couple 
water-CO2 (Spycher and Pruess, 2005). Compression effect of 
CO2 is taken in account for density calculation by a cubic Red-
lich-Kwong equation of state (Spycher and Pruess, 2009), while 
CO2 viscosity is calculated using a standard model (Vesovic et 
al., 1990). Relative permeability for both drainage and imbibition 
(Figure 23) has been adapted from super critical CO2-water rela-
tive permeability for the Viking sandstone (Bennion and Bachu, 
2008). Molecular diffusion for all components has been activated. 
 
Figure 23 - Water-CO2 relative permeability curves for drain-
age and imbibition. 
The main objective of the polymer module used is to represent the mobility of injected polymeric water during remediation 
simulations and observe the true radius reached by the solution. This is achieved in several steps: first the viscosity of the solu-
tion has to be implemented as a function of the concentration of polymers and as a ratio compared to that of the brine. Second-
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ly, rock permeability to water is changed after the passage of polymers, expressed as a ratio of the initial permeability. Adsorp-
tion phenomenon is also included in the model, leading to a consumption of polymer at the front creating a water bank, and 
also reducing further rock permeability according to equation (8) 
                 
  
 
  
    ...................................................................... (8) 
Figure 24 presents the CO2 plume after 20 years of injection in the base of the aquifer in both 2D and 3D view (2,000mD 
permeability). After 20 years of injection, the  radius of the CO2 plume at the top of the aquifer extended to an area of  28.3km
2
 
with a radius of 6km. Figure 25 shows the same injection scenario with 5 years of relaxation and its impact on the CO2 phase 
and trapping. 
  
Figure 24 – 2D image of the CO2 plume after 20 years of injection  Figure 25 – Phases of CO2 in the aquifer (both scales). 
The polymer injection modelled in E100 used the same grid and the top layer gas and water concentrations from the E300 
simulation reported above. Injection limit is set to 200bar bottom hole pressure (reference depth of the first layer of aquifer) 
corresponding to 90.5% of pressure augmentation, just below the fracturing pressure. The polymer injection rate was set at 
around 2,200 m
3
/day, which gives a total volume of 460m
3
 polymeric water injected in 5 hours to plug a leak 20m from the 
injection well. 
Since polymer spreading inside the aquifer depends on the matrix permeability and concentration of the polymer, a sensi-
tivity analysis has been conducted as shown in Figure 26, using the viscosities measured for the AO-22 polymer in the labora-
tory. Both parameters have a strong influence on intervention radius, however, polymer initial concentration, thus viscosity is 
the most dominant factor. Superposition of the viscosity change curve during gelation of the polymer helps determine the max-
imum radius of extent for each polymer concentration as shown in Figure 26 for polymer AO-22, which is greatest at 2.1% and 
40°C. Progression of the polymer inside the aquifer after 10h of injection represented in Figure 27 shows both radial dispersion 
in the top layer and excessive downward dispersion of polymer with vertical flow. Left of figure is the full scale of concentra-
tion from 0 to 21kg/m
3
 of water (2.1%) while right scale only show part of aquifer flooded with at least 90% of initial injected 
polymer concentration (1.89%). Cells represented with the threshold are then modified to match the permeability after gelation 
process according to data obtained in laboratory (k/k0). The effect of salinity on the radius of polymer spread has not been as-
sessed, however, as increased salinity reduces polymer viscosity, the radius of spread is expected to  be larger in saline envi-
ronments. Therefore, the case described here represents a conservative estimate. 
 
  
Figure 26 - Radius of intervention for different polymer concen-
trations and reservoir permeabilities. 
Figure 27 – 2D view of polymer concentration in the aquifer. 
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In simulating the leakage and subsequent remediation action,  the fracture in the caprock was created as early as the start 
of CO2 injection with a very low permeability to ensure that no CO2 would flow through. A new simulation file is then written 
to represent leakage, with the use of RESTART function to modify permeability of the fracture and re-start the run from year 
2045 using the exact same saturation profile in the aquifer. The same process is repeated for the remediation run. The scenario 
implemented assumes that the leak is detected after one year of leakage. 
      
(a)                                      (b)     
Figure 28 – (a): 2D image of CO2 leakage after one year. (b): 40 
years with application of polymer-gel remediation after one year 
leakage. 
Figure 29 – CO2 plume composition with and without polymer-gel 
remediation over 5 years of leakage. 
              
Figure 30 – The effect of remediation on total and mobile CO2 in 
the overlaying aquifer. 
 
Figure 31 – Leakage in the overlaying aquifer after 1, 5, 10, 20, 
and 40 years with previous latex treatment.  
The CO2 plume characteristics shown in Figure 28 illus-
trate the success of gel treatment as a remediation measure. 
Leakage is almost stopped, with an average 97% reduction in 
total CO2 present in the layer.  Furthermore, mobile CO2, 
which is  of highest concern, is reduced significantly com-
pared to the first year of leakage. Since the leakage is relative-
ly small, relaxation occurs in the matrix leading to more than 
100% reduction in gaseous CO2 compared to the case without 
remediation. The total CO2 release after plugging the leak in a 
40 years period is only 0.009% of the total CO2 stored in the 
aquifer while gaseous CO2 presence in the layer is 0.001%, 
confirming the success of this remediation technique on a 
reservoir scale. 
The use of latex as a leakage prevention measure has al-
so been modelled implementing the same principle. Cells over 
the CO2 plume are considered to be full of latex sealant since 
the start of the CO2 injection.  
 
Figure 32 - CO2 plume composition with and without preventative 
latex treatment over 40 years of leakage. 
When the leak occurred in year 2045, permeability reduction obtained in the laboratory is to applied and CO2 plume is visible 
as in Figure 31. Compared the first year of leakage without sealant shown in Figure 28, the CO2 plume is largely reduced and 
evolves very slowly in the following years. Reduction of the CO2 leakage is drastic with more than 99% as presented in Figure 
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32. Furthermore, by comparing the leaking CO2 into the top layer between the use of latex sealant and polymer-gel application, 
it is noted that latex prevention achieves a reduction of 83%, 70%, 57%, and 25% after 5, 10, 20 and 40 years respectively, 
demonstrating that the prevention is better than cure. 
Discussion 
Investigation of new remediation techniques carried out in this research was conclusive. From the polymer-gel based technique 
allowing to massively reduce the CO2 leakage, to the latex prevention technique limiting the impact of a sudden failure of the 
caprocks. Moreover, work on the behaviour of both sealants lead to the consideration of new applications like the use of latex 
solution as remediation sealant in natural gas industry since natural gas does not turn the injected fluid acidic. 
The type of remediation method has to be carefully chosen during the design of the storage project or at time of emergen-
cy after leak detection: the choose of dissolution remediation has to be avoided in order to prevent potential acidification of the 
ground water aquifers due to CO2 leakage. The hydraulic barrier method would be effective in the case of fractures in the 
caprock with leakage directly to a confined shallower aquifer in contact with the CO2 injection well but would not be very ef-
fective in the case of a large fault reactivation event leading to a continuous process as the pressure generated by the process 
would decline straight after stopping the  brine injection. 
Most of current CO2 injection projects use horizontal wells because of their offshore location and to preserve the caprock 
integrity. Unfortunately, this choice of design would not allow to easily remediate a caprock failure which could occur long 
time after the termination of injection. Large considerations have to be made during the design phase on the advantages and 
drawback of each injection well type. A vertical well would allow remediation technique like the design discussed in this pro-
ject and facilitate commercial companies to obtain approval of new CO2 storage projects both from the regulators and the local 
population with a complete, quick and appropriate remediation plan. Remediation actions may take several months to a year to 
have access to a drilling rig leading to large releases of CO2 and stopping of injection if it occurs before abandonment, leading 
to costs up to 1M$/day. Applying gel remediation technique limits both CO2 release and expensive costs in a few days if it was 
designed at the planning stage: special completions slightly more expensive could be used leading to a 2-3 days remediation 
intervention due to delivery of polymers and gelation time. If the reduced leakage flowrate level is too high for the authorities, 
classical remediation could still be applied after but meanwhile CO2 injection could still continue. Remediation plans should be 
integrated with the project proposal and a detailed study of aquifer rocks and the caprock, together with the testing of different 
polymers, and simulation studies are required to determine the viability of the remediation plans. 
Conclusions and Recommendations for Further Research 
1. The use of polymer-gels for gas leakage mitigation was successfully evaluated in high permeable cores flooded with 
3% saline brine at residual saturation. Breakthrough permeability reduction of more than 99% was observed at a con-
centration of 2.1%, 4.1% and 6% in water 
2. Polymer-gel treatment results in fractured cores were excellent with 99.7%, 93% and 98% of permeability reduction 
at breakthrough for the same concentrations, demonstrating the possible remediation of caprock leakages. 
3. Temperature of the aquifer has a strong impact on gelation time of polymers by reducing it exponentially. A 9% salin-
ity increase of the irreducible brine in cores led to a decrease of 10% in permeability reduction at breakthrough. 
4. A latex sealant solution has been found to be triggered by pH increase due to acidification in the presence of CO2 
yielding a breakthrough permeability reduction higher than 99% in 2,000mD cores but only 44% in fractured cores. 
5. Simulations of polymer-gel remediation technique demonstrated the efficiency of the process at reservoir scale with 
an average reduction of 97% on total amount of leaked CO2 over a 40 years period. Latex leak prevention technique 
provided even better results with the amount of leaked CO2 lowered by 25% compared to the ones from the remedia-
tion technique after 40years of leakage. 
Further work should be carried out on polymer selection: bio polymers excluded in the beginning of this study have to be 
assessed because of the very strong impact of salinity on polyacrylamide, as well as sulfonated polymers which are designed 
for high temperature and/or harsh environments. Toxicity of the cross-linker used in this research, chromium acetate, is also an 
issue for potable water aquifers; other cross-linkers have to be reviewed such as borate compounds which are less toxic. In 
general, a closer collaboration with polymer providers should be established for selecting the best polymers for this specific 
application. A new type of polymer, especially adapted for saline aquifers could be developed and manufactured since reme-
diation techniques are going to be a valuable market in order to meet the requirements of the EU Directive. Closer relations 
with service companies which manufacture latex based sealants for wellbore gas mitigation should also be established to work 
with latex solution specially designed for porous media. Finally, new scenarios such as polymer-gel injection both under and 
above the caprock should be investigated. 
Nomenclature 
µ = Viscosity, cP NaCl = Sodium chlorite 
A = Area of the flow (core or fracture) NH2 = Amidogen 
b = Aperture of the fracture O = Oxygen 
C = Carbon P = Pressure, psi/MPa 
Cp
a
 = Adsorbed concentration PTFE = Polytetrafluoroethylene 
CCS = Carbon capture and storage PV = Pore volume 
CH = Methylidyne Q, q = Flowrate, m
3
/s 
CH2 = Methylene Rk = Ratio of permeability reduction after adsorption 
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CO2 = Carbon dioxide RRF = Residual resistance factor 
Cr
3+
 = Chromium chlorite SF = Swelling factor 
dxl = Diameter and length Swc = Connate water 
EC = European Commission T° = Temperature, °C 
EOR = Enhance oil recovery TDS = Total dissolved solid 
k = Permeability, mD/D/Pa.s USD = United States dollar 
KCl = Potassium chlorite v = Velocity, m/s 
kr = Relative permeability WSP = Water soluble polymers 
kf = Permeability of the fracture, mD/D/Pa.s WSR = Water soluble rubber 
L = Length of core/fracture, m ΔP = Pressure drop along the core, psi 
l = Radial length of the fracture, m ΔT = Temperature drop along the core, °C 
n = Number of fractures ΔV = Volume drop along the core, m
3
 
N2 = Nitrogen ρ = Density, kg 
Na = Sodium ϕ = Diameter, m 
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Milestones in geological CO2 storage remediation techniques, table of content 
  Paper ID Year Title Authors Contribution 
2,176,268 
US Patent 
1939 
Process for solidifying permeable 
masses 
T.G. Malmberg 
First to raise the idea of isolating high per-
meable zones by using non-permeable 
agents such as coagulation chemical solu-
tions. 
SPE 
1658 
1967 
Calculation of the Leak Location 
in an Aquifer Gas Storage Field 
P.G. Burnett 
First to present of graphical method to find 
the leakage location in case of gas storage 
with caprock failure. 
SPE 
2357 
1970 
Foam as blocking agents in po-
rous media 
R.A. Albrecht, 
S.S. Marsden 
Applied previous work of G.G. Bernard "Ef-
fect of foam on permeability" to geological 
gas storage leaks as a remediation technique. 
3,656,550 
US Patent 
1972 
Forming a barrier between zones 
in water-flooding 
Jr. Wagner, 
L.R. Smith, 
J.L. Osborn 
Raised the idea of isolating high permeable 
zones by using gel technology. 
SPE 
4747 
1974 
Control of water mobility using 
polymers and multivalent cations 
R.B. Needham, 
C.B. Threlkeld, 
J.W. Gall 
First publication to test gel effect in labora-
tory to reduce water mobility in high perme-
able zones. 
SPE 
7179 
1978 
Improved oil recovery - Product 
to process 
J.C. Mack 
First publication to present actual field ap-
plications and results of newly developed 
"CAT-AN©" gel to improve recovery in 
highly fractured reservoir. 
Chemical 
Review 99, 
543-563 
1999 
Polymerizations in Supercritical 
Carbon Dioxide 
J.L. Kendall, 
D.A. Canelas, 
J.L. Young, 
J.M. DeSimone 
Paper proving the potential of supercritical 
CO2 as a solvent for polymerization by gath-
ering past experiment.  
CCS in 
geological 
formation, 
Volume 2 
2005 
Natural gas storage industry expe-
rience and technology: potential 
application to CO2 geological 
storage 
K.F. Perry 
First to study natural gas storage industry as 
a CO2 geological storage analogue. 
SPE 
97228 
2006 
Mitigating oil bypassed in frac-
tured cores during CO2 flooding 
using WAG and polymer gel in-
jections. 
D. Chakravarthy, 
V. Muralidaharan, 
E. Putra,  
D.T. Hidayati, 
D.S. Schechter 
Prevention of CO2 breakthrough in EOR 
process using gel polymer and CT scan to 
allow better understanding of the process. 
SPE 
126618 
2009 
Cost-Effective Remediation Strat-
egies for Storing CO2 in Geologic 
Formations 
V.A. Kuuskraa 
First to raise the economic issues about re-
mediation techniques for CO2 leakage in a 
storage reservoir. 
SPE 
138258 
2010 
Advancements in Technology and 
Process Approach Reduce Cost 
and Increase Performance of CO2 
-Flow Monitoring and Remedia-
tion 
R.E. Sweatman, 
S.D. Marsic, 
G.R. McCoplin 
- First paper to establish a proper list of re-
mediation techniques for different types of 
leak. 
- First paper to quote the CO2 activated pol-
ymer-gel sealant. 
Energy 
Procedia 4, 
3179-3186 
2011 
Forcing gaseous CO2 trapping as 
a corrective technique in the case 
of abnormal behavior of a deep 
saline aquifer storage. 
JC. Mancheau, 
A. Reveillere,  
J. Rohmer 
Proposing a new concept for preventing and 
remediating possible CO2 leakage in a geo-
logical storage project by accelerating the 
solubility and capillary trapping of CO2 with 
a brine injection after stopping the CO2 one. 
Energy 
Procedia 4, 
3216-3223 
2011 
Remediation of possible leakage 
from geologic CO2 storage reser-
voirs into groundwater aquifers. 
A. Esposito, 
S.M. Benson 
Authors investigated the more efficient re-
mediation technique to re-produce CO2 
which has leak in groundwater aquifer. 
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Laboratory results 
 
Relative viscosity: concentration impact 
 
Table A 1 - Relative viscosity Polymer SB-15: 2.1%, Cr3+ : 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition, hours Time of fall (s) relative viscosity 
0 0 0.00 1.4 100% 
0 6 0.10 1.4 100% 
2 0 2.00 1.4 100% 
5 0 5.00 1.4 100% 
10 48 10.80 1.4 100% 
12 30 12.50 1.4 100% 
14 0 14.00 1.75 125% 
15 50 15.83 2.2 157% 
17 6 17.10 3.5 250% 
18 38 18.63 9.7 693% 
19 18 19.30 17.8 1271% 
19 40 19.67 32.1 2293% 
19 54 19.90 69 4929% 
19 56 19.93 147 10500% 
 
 
 
Table A 2 - Relative viscosity Polymer AO-22: 2.1%, Cr3+: 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition (h) Time of fall (s) relative viscosity 
0 0 0.00 1.70 100% 
0 6 0.10 1.70 100% 
5 0 5.00 1.70 100% 
10 48 10.80 1.70 100% 
12 30 12.50 1.70 100% 
14 0 14.00 1.70 100% 
15 50 15.83 1.70 100% 
17 6 17.10 1.70 100% 
18 38 18.63 2.50 147% 
19 18 19.30 2.80 165% 
20 0 20.00 3.00 176% 
21 5 21.08 4.90 288% 
22 7 22.12 9.00 529% 
22 58 22.97 17.05 1003% 
23 18 23.30 26.30 1547% 
23 24 23.40 33.5 1971% 
23 30 23.50 38.4 2259% 
23 40 23.67 51 3000% 
23 51 23.85 135 7941% 
23 53 23.88 188 11059% 
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Table A 3 - Relative viscosity Polymer SB-15: 1.4%, Cr3+ : 50,000ppm, T: 20°C 
h m 
Time after cross-
linker addition (h) Time of fall (s) relative viscosity 
0 0 0.00 1.50 100% 
0 6 0.10 1.50 100% 
8 0 8.00 1.50 100% 
24 0 24.00 1.50 100% 
52 0 52.00 1.50 100% 
60 0 60.00 1.50 100% 
72 0 72.00 2.10 140% 
73 15 73.25 2.20 147% 
75 10 75.17 2.40 160% 
76 43 76.72 2.50 167% 
89 19 89.32 3.50 233% 
90 48 90.80 4.00 267% 
95 8 95.13 4.90 327% 
99 6 99.10 5.80 387% 
100 10 100.17 6.10 407% 
102 15 102.25 8.44 563% 
111 2 111.03 17.91 1194% 
114 40 114.67 21.50 1433% 
118 10 118.17 29.1 1940% 
120 34 120.57 33 2200% 
125 30 125.50 52.3 3487% 
135 40 135.67 93 6200% 
137 13 137.22 107 7133% 
140 49 140.82 144 9600% 
140 51 140.85 170 11333% 
 
 
Table A 4 - Relative viscosity Polymer AO-22: 4.1%, Cr3+: 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition (h) Time of fall (s) relative viscosity 
0 0 0.00 1.67 100% 
0 15 0.25 1.67 100% 
0 33 0.55 1.67 100% 
0 45 0.75 1.77 106% 
1 0 1.00 1.93 116% 
1 12 1.20 2.04 122% 
1 24 1.40 1.98 119% 
1 38 1.63 2.14 128% 
2 1 2.02 2.33 140% 
2 16 2.27 2.4 144% 
2 48 2.80 2.76 165% 
3 8 3.13 3.06 183% 
3 25 3.42 3.55 213% 
3 33 3.55 3.85 231% 
4 6 4.10 6.24 374% 
4 17 4.28 9.6 575% 
4 28 4.47 16 958% 
4 40 4.67 40 2395% 
4 48 4.80 124 7425% 
4 51 4.85 204 12216% 
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Table A 5 - Relative viscosity Polymer AO-22: 6.0%, Cr3+: 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition (h) Time of fall (s) relative viscosity 
0 0 0.00 4.45 100% 
0 14 0.23 4.45 100% 
0 32 0.53 5.06 114% 
0 39 0.65 5.4 121% 
0 44 0.73 5.49 123% 
0 50 0.83 5.76 129% 
0 59 0.98 6.16 138% 
1 12 1.20 6 135% 
1 16 1.27 6.08 137% 
1 21 1.35 7.45 167% 
1 31 1.52 7.8 175% 
1 54 1.90 8.7 196% 
2 5 2.08 13.5 303% 
2 15 2.25 21 472% 
2 23 2.38 40 899% 
2 29 2.48 85 1910% 
2 32 2.53 150 3371% 
2 34 2.57 200 4494% 
2 38 2.63 450 10112% 
 
 
 
Table A 6 - Relative viscosity Polymer SB-15: 4.1%, Cr3+ : 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition (h) Time of fall (s) relative viscosity 
0 0 0.00 2.26 100% 
0 14 0.23 2.26 100% 
0 31 0.52 2.42 107% 
0 39 0.65 2.42 107% 
0 50 0.83 2.54 112% 
1 1 1.02 2.61 115% 
1 12 1.20 2.7 119% 
1 21 1.35 2.83 125% 
1 31 1.52 3.4 150% 
1 56 1.93 3.44 152% 
2 15 2.25 4 177% 
2 26 2.43 4.48 198% 
3 5 3.08 7.68 340% 
3 19 3.32 11.8 521% 
3 31 3.52 18.4 816% 
3 44 3.73 38.2 1690% 
3 57 3.95 95 4204% 
4 6 4.1 169 7478% 
4 9 4.15 294 13009% 
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Table A 7 - Relative viscosity Polymer SB-15: 6.0%, Cr3+ : 50,000ppm, T: 20°C 
h m 
Time after cross-linker 
addition (h) Time of fall (s) relative viscosity 
0 0 0.00 5.15 100% 
0 14 0.23 5.15 100% 
0 31 0.52 5.89 114% 
0 39 0.65 5.89 114% 
0 50 0.83 5.83 113% 
1 2 1.03 6.9 134% 
1 12 1.20 9.05 176% 
1 22 1.37 11.2 217% 
1 31 1.52 16.1 313% 
1 42 1.70 27.2 528% 
1 53 1.88 55 1068% 
1 58 1.97 90 1748% 
2 6 2.10 170 3301% 
2 11 2.18 310 6019% 
2 14 2.23 659 12796% 
 
 
 
 
 
Table A 8 - Impact of polymer concentration on working time 
  Working time (h) 
Percentage of pol-
ymer (%) 
Polymer SB-15, Cr3+: 
50,000ppm, T: 20°C 
Polymer AO-22, Cr3+: 
50,000ppm, T: 20°C 
1.4 83 No gelation 
2.1 16.5 20 
4.1 2.45 3.3 
6 1.3 1.9 
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Relative viscosity: temperature impact 
 
 
Table A 9 - Relative viscosity Polymer AO-22: 2.1%, Cr3+: 50,000ppm, T: 40°C 
h m 
Time after cross-
linker addition (h) Time of fall (s) relative viscosity 
0 0 0.00 1.4 100% 
0 6 0.10 1.4 100% 
0 25 0.42 1.4 100% 
0 42 0.70 1.4 100% 
1 4 1.07 1.4 100% 
2 3 2.05 1.4 100% 
3 22 3.37 1.4 100% 
4 0 4.00 3.6 257% 
4 27 4.45 13.51 965% 
4 47 4.78 87.315 6237% 
4 48 4.80 163 11643% 
 
 
Table A 10 - Relative viscosity Polymer AO-22: 2.1%, Cr3+: 50,000ppm, T: 80°C 
h m 
Time after cross-
linker addition (h) Time of fall (s) relative viscosity 
0 0 0.00 1.27 100% 
0 6 0.10 1.27 100% 
0 16 0.27 1.66 131% 
0 18 0.30 3.00 236% 
0 20 0.33 6.00 472% 
0 22 0.37 35.00 2756% 
0 24 0.40 140.00 11024% 
 
 
 
Table A 11 - Impact of temperature on working time 
  Working time (h) 
Aquifer temperature, °C Polymer AO-22: 2.1%, Cr3+: 50,000ppm 
20 20 
40 3.8 
80 0.29 
 
 
 
 
 
 
 
Development of CO2 storage leakage remediation techniques using polymer-gel and latex sealant                      24 
 
Permeability of Stainton cores: 
 
 
Figure A 1 - Permeability of core Stainton 1 with water, from Excel spread sheet 
 
  
L (cm) 8.05
D (cm) 3.76
A (cm2) 11.10
Type R.O. Water
m (cp) 0.65298 40°C, (15-40psi)
Q (mL/min) DP (psi) k (mD) dq/dA (mL/s.cm2) dP/m.dL (atm/cp.cm)
0.1 15.27 0.76 2E-04 0.198
0.2 18.91 1.23 3E-04 0.245
0.3 23.56 1.48 5E-04 0.305
0.4 30.3 1.53 6E-04 0.392
0.5 35.26 1.64 8E-04 0.456
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Development of CO2 storage leakage remediation techniques using polymer-gel and latex sealant                      25 
 
 
 
Figure A 2 - Permeability of core Stainton 2 with water, from Excel spread sheet 
 
L (cm) 8.05
D (cm) 3.76
A (cm2) 11.10
Type R.O. Water
m (cp) 0.65298 40°C, (15-40psi)
Q (mL/min) DP (psi) k (mD) dq/dA (mL/s.cm2) dP/m.dL (atm/cp.cm)
0.1 8 1.45 2E-04 0.104
0.2 9.62 2.41 3E-04 0.124
0.3 11.55 3.01 5E-04 0.149
0.4 13.82 3.36 6E-04 0.179
0.5 15.1 3.84 8E-04 0.195
6.27 mD
Core properties
Average permeability
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Development of CO2 storage leakage remediation techniques using polymer-gel and latex sealant                 26 
 
 
Permeability of Doddington cores: 
 
Table A 12 - Permeability of core Doddington 1 
 
 
 
 
 
 
 
Table A 13 - Permeability of core Doddington 3 
 
 
  
μco2    (CP) 
Qco2 
(ml/min)
Qco2 
(m3/sec)
Qco2 
(cm3/sec)
Dcore (mm) Dcore (m) A (m2) A (CM2) L (mm) L (m) L (cm) ΔP (psi)
0.015655 345.0 5.75E-06 5.75 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.4
0.015655 77.5 1.29E-06 1.29 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.04
0.015655 195.0 3.25E-06 3.25 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.2
0.015655 155.0 2.58E-06 2.58 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.15
0.015655 125.0 2.08E-06 2.08 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.13
0.015655 500.0 8.33E-06 8.33 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.14
0.015655 85.0 1.42E-06 1.42 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.07
0.015655 160.0 2.67E-06 2.666667 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.03
P1 (psia) P1 (atm) P12  (atm2) P2 (psig) P2 (atm) P22 (atm2) (P22-P12) Pmean 1/(Pmean) ΔP (atm) Kco2 (mD)
Q 
(reading)
6.16 1.419333 2.014506 5.76 1.392103 1.937952 0.076554 5.96 0.167785 0.027229408 1590.332 345
16.4 2.116406 4.479173 16.36 2.113683 4.467655 0.011518 16.38 0.06105 0.002722941 2374.375 77.5
40.67 3.76855 14.20197 40.47 3.754935 14.09954 0.10243 40.57 0.024649 0.013614704 671.804 195
32.05 3.181756 10.12357 31.9 3.171545 10.0587 0.064874 31.975 0.031274 0.010211028 843.1368 155
28.13 2.914908 8.496689 28 2.906059 8.445176 0.051513 28.065 0.035632 0.008849558 856.3053 125
24.36 2.658271 7.066404 24.22 2.648741 7.015827 0.050577 24.29 0.041169 0.009530293 3488.582 500
13.93 1.948264 3.795733 13.86 1.943499 3.777188 0.018545 13.895 0.071968 0.004765146 1617.453 85
19.13 2.302246 5.300339 19.1 2.300204 5.290939 0.009399 19.115 0.052315 0.002042206 6007.125 160
Average, mD 2181
μco2    (CP) 
Qco2 
(ml/min)
Qco2 
(m3/sec)
Qco2 
(cm3/sec)
Dcore (mm) Dcore (m) A (m2) A (CM2) L (mm) L (m) L (cm) ΔP (psi)
0.015655 500.0 8.33E-06 8.33 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.65
0.015655 450.0 7.5E-06 7.50 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.61
0.015655 400.0 6.67E-06 6.666667 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.52
0.015655 425.0 7.08E-06 7.08 38.14 0.03814 0.001142 11.42487 77.26 0.07726 7.726 0.54
P1 (psia) P1 (atm) P12  (atm2) P2 (psig) P2 (atm) P22 (atm2) (P22-P12) Pmean 1/(Pmean) ΔP (atm) Kco2 (mD)
Q 
(reading)
0.82 1.05582 1.114756 0.17 1.011572 1.023279 0.091478 0.495 2.020202 0.044247788 1929 500
0.76 1.051736 1.106148 0.15 1.010211 1.020526 0.085622 0.455 2.197802 0.041524847 1855 450
0.64 1.043567 1.089032 0.12 1.008169 1.016404 0.072628 0.38 2.631579 0.03539823 1944 400
0.67 1.045609 1.093299 0.13 1.00885 1.017777 0.075521 0.4 2.5 0.0367597 1986 425
Average, mD 1928
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Table A 14 - Permeability of core Doddington 5 
 
 
 
  
μco2    (CP) 
Qco2 
(ml/min)
Qco2 
(m3/sec)
Qco2 
(cm3/sec)
Dcore (mm) Dcore (m) A (m2) A (CM2) L (mm) L (m) L (cm) ΔP (psi)
0.015655 500.0 8.33333E-06 8.33 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.14
0.015655 470.0 7.83333E-06 7.83 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.16
0.015655 440.0 7.33333E-06 7.33 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.21
0.015655 440.0 7.33333E-06 7.33 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.2
0.015655 440.0 7.33333E-06 7.33 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
0.015655 440.0 7.33333E-06 7.33 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
0.015655 400.0 6.66667E-06 6.67 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.16
0.015655 400.0 6.66667E-06 6.666667 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.17
0.015655 400.0 6.66667E-06 6.67 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.15
0.015655 400.0 6.66667E-06 6.67 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.17
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.16
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.14
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.14
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.16
0.015655 360.0 0.000006 6.00 37.5 0.0375 0.001104 11.04466 55.25 0.05525 5.525 0.18
P1 (psia) P1 (atm) P12  (atm2) P2 (psig) P2 (atm) P22 (atm2) (P22-P12) Pmean 1/(Pmean) ΔP (atm) Kco2 (mD)
Q 
(reading)
21.82 2.485364 6.177035173 21.68 2.475834 6.129754 0.047282 21.75 0.045977 0.009530293 2761 500
20.16 2.372362 5.628102176 20 2.36147 5.576542 0.05156 20.08 0.049801 0.010891763 2380 470
18.42 2.253914 5.080129344 18.21 2.239619 5.015892 0.064237 18.315 0.0546 0.014295439 1788 440
18.44 2.255276 5.086268473 18.24 2.241661 5.025044 0.061224 18.34 0.054526 0.013614704 1876 440
18.42 2.253914 5.080129344 18.24 2.241661 5.025044 0.055085 18.33 0.054555 0.012253233 2085 440
18.14 2.234854 4.994570801 17.96 2.2226 4.939953 0.054618 18.05 0.055402 0.012253233 2103 440
15.94 2.085092 4.347608228 15.78 2.0742 4.302306 0.045302 15.86 0.063052 0.010891763 2305 400
15.91 2.08305 4.339096026 15.74 2.071477 4.291018 0.048078 15.825 0.063191 0.011572498 2172 400
15.86 2.079646 4.324927559 15.71 2.069435 4.282561 0.042366 15.785 0.063351 0.010211028 2465 400
15.84 2.078285 4.31926666 15.66 2.066031 4.268485 0.050781 15.75 0.063492 0.012253233 2056 400
13.79 1.938734 3.758688873 13.62 1.927161 3.713951 0.044738 13.705 0.072966 0.011572498 2101 360
13.77 1.937372 3.75341167 13.59 1.925119 3.706084 0.047328 13.68 0.073099 0.012253233 1986 360
13.73 1.934649 3.742868384 13.57 1.923758 3.700844 0.042025 13.65 0.07326 0.010891763 2236 360
13.72 1.933969 3.740234879 13.54 1.921715 3.69299 0.047245 13.63 0.073368 0.012253233 1989 360
13.65 1.929204 3.721826298 13.51 1.919673 3.685145 0.036681 13.58 0.073638 0.009530293 2562 360
13.59 1.925119 3.70608366 13.45 1.915589 3.669481 0.036603 13.52 0.073964 0.009530293 2567 360
13.6 1.9258 3.708705116 13.44 1.914908 3.666873 0.041832 13.52 0.073964 0.010891763 2246 360
13.59 1.925119 3.70608366 13.41 1.912866 3.659056 0.047028 13.5 0.074074 0.012253233 1998 360
Average, mD 2171
Development of CO2 storage leakage remediation techniques using polymer-gel and latex sealant                 28 
 
 
 
 
Figure A 3 - Permeability of core Doddington 7 with Klinkenberg: 2,058mD 
 
 
 
 
 
 
Figure A 4 - Permeability of core Doddington 6 with Klinkenberg: 1,936mD 
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Figure A 5 - Permeability of core Doddington 4 with Klinkenberg: 2,147mD 
 
 
 
 
 
 
 
 
 
Figure A 6 - Permeability of core Doddington 9 with Klinkenberg: 2,202mD 
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Stronger gel picture 
 
 
Figure A 7 - Image of stronger polymer-gel obtained, left to right: 2.1%, 4.1% and 4.1% concentration. 
 
 
Gel dissolution tests picture 
 
 
Figure A 8 - Gel dissolution results, from left to right: ethanol, acetone, methanol, and propanol 
 
 
 
Solid latex dissolution tests picture 
 
 
 
Figure A 9 – Solid latex dissolution results, from left to right: ethanol, acetone, methanol, and propanol 
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pH evolution of the latex solution with CO2 flow 
 
 
Figure A 10 - Initial pH of 5ml liquid latex solution: 11.5 
 
 
Figure A 11 - Evolution of the solution pH with CO2 flow 
 
 
 
Figure A 12 - Final pH of 5ml liquid latex solution: 6.5 
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Permeability measurement of fractured core and fracture 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P confinement
mu (cP) 0.65298
mPa.s 0.000653
q (ml/min) 1 1.2 1.4 1 2 2.5 1 2 3 1 2 3 4 1 2 3 4
(m3/s) 1.67E-08 2.00E-08 2.33E-08 1.67E-08 3.33E-08 4.17E-08 1.67E-08 3.33E-08 5.00E-08 1.67E-08 3.33E-08 5.00E-08 6.67E-08 1.67E-08 3.33E-08 5.00E-08 6.67E-08
L (cm) 5.01
(m) 0.0501
l (cm) 3.7
(m) 0.037
delta P (psi) 24.5 34.3 46.4 16.7 44.7 61.8 14 34.2 59.8 13.4 26.9 45.3 64 7.11 17.82 28.2 38.8
(Pa) 1.67E+05 2.33E+05 3.16E+05 1.14E+05 3.04E+05 4.21E+05 9.53E+04 2.33E+05 4.07E+05 9.12E+04 1.83E+05 3.08E+05 4.36E+05 4.84E+04 1.21E+05 1.92E+05 2.64E+05
Core perm (mD)
b3 (m3)= 1.06E-15 9.09E-16 7.84E-16 1.56E-15 1.16E-15 1.05E-15 1.86E-15 1.52E-15 1.30E-15 1.94E-15 1.93E-15 1.72E-15 1.62E-15 3.65E-15 2.92E-15 2.76E-15 2.68E-15
(m) 1.02E-05 9.69E-06 9.22E-06 1.16E-05 1.05E-05 1.02E-05 1.23E-05 1.15E-05 1.09E-05 1.25E-05 1.25E-05 1.20E-05 1.18E-05 1.54E-05 1.43E-05 1.40E-05 1.39E-05
A (m2) 3.77E-07 3.58E-07 3.41E-07 4.29E-07 3.89E-07 3.76E-07 4.55E-07 4.25E-07 4.04E-07 4.61E-07 4.61E-07 4.43E-07 4.35E-07 5.70E-07 5.29E-07 5.19E-07 5.14E-07
kf (m2)= 8.66E-12 7.82E-12 7.08E-12 1.12E-11 9.21E-12 8.61E-12 1.26E-11 1.10E-11 9.94E-12 1.30E-11 1.29E-11 1.20E-11 1.15E-11 1.98E-11 1.70E-11 1.64E-11 1.61E-11
(D) 8.93 8.06 7.30 11.53 9.50 8.88 12.97 11.35 10.25 13.36 13.32 12.33 11.87 20.38 17.53 16.92 16.57
average kf (D)
100
17.8512.7211.539.97
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Table A 15 - Fracture aperture and permeability cal-
culation 
Figure A 14 - Permeability measurement of fractured 
core with water and CO2 
Figure A 13 - Fracture permeability and observed 
core pseudo permeability 
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Radius of intervention with polymer injection 
 
 
 
Table A 16 - Radius of intervention of 2.1% polymer concentration with different permeability 
Polymer AO-22: 2.1% Radius of intervention (m) 
Injection time (h) kh=500mD, 2.1% kh=1000mD, 2.1% kh=2000mD, 2.1% 
0 0 0 0 
1 5 5 7 
2 7 11 15 
3 11 13 19 
5 13 17 23 
10 17 21 29 
15 19 25 33 
24 23 29 39 
48 29 37 45 
 
 
 
 
Table A 17 - Radius of intervention of 4.1% polymer concentration with different permeability 
Polymer AO-22: 4.1% Radius of intervention (m) 
Time (h) kh=500mD, 4.1% kh=1000mD, 4.1% kh=2000mD, 4.1% 
0 0 0 0 
1 3 3 5 
2 5 7 9 
3 7 9 11 
5 11 11 15 
10 15 15 19 
15 17 18 23 
24 19 21 27 
48 23 25 33 
 
 
 
 
Table A 18 -Radius of intervention of 6.0% polymer concentration with different permeability 
Polymer AO-22: 6.0% Radius of intervention (m) 
Time (h) kh=500mD, 6.0% kh=1000mD, 6.0% kh=2000mD, 6.0% 
0 0 0 0 
1 1 3 3 
2 3 5 5 
3 4 6 7 
5 5 7 9 
10 7 9 11 
15 9 11 13 
24 10 13 17 
48 13 17 21 
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Initial viscosity of the injected solution compared to R.O. water 
 
 
 
Table A 19 - Viscosity of polymeric solution in function of polymer concentration 
Solution Polymer % Time of fall (s) Multiplication to water 
R.O. water 0 0.86 1 
100g/L 2.1 1.1 1.3 
200g/l 4.1 1.67 1.9 
300g/l 6 4.45 5.2 
 
 
 
Table A 20 - Viscosity of latex liquid solution relative to water 
Solution Latex % Time of fall (s) Multiplication to water 
RO H2O 0 0.86 1 
Latex solution unknown 1.23 1.4 
 
 
 
 
 
 
 
Figure A 15 - Viscosity of polymeric solution in function of polymer concentration 
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Simulation results 
 
 
 
Figure A 16 - 3D view of the different layers of the model 
 
 
 
 
 
Figure A 17 - 2D view of the refined grid from the top 
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CO2 injection and relaxation 
 
Table A 21 - Data of the CO2 injection and relaxation 
year 
diss 
(k.mol) 
trapp 
(k.mol) 
mob 
(k.mol) 
TOT 
(k.mol) % 
diss 
(MtCO2) 
trap 
(MtCO2) mob (MtCO2) 
2020 0 0 0 0 0% 0.00 0.00 0.00 
2021 1642895 2089599 7931765 11664259 5% 0.07 0.09 0.34 
2022 2664563 2507480 18124602 23296645 10% 0.11 0.11 0.78 
2023 3224669 2476501 29227866 34929036 15% 0.14 0.11 1.26 
2024 3818587 2389393 40353444 46561424 20% 0.16 0.10 1.73 
2025 4385755 1994204 51845724 58225683 25% 0.19 0.09 2.23 
2026 5290017 1919762 62632088 69841867 30% 0.23 0.08 2.69 
2027 6189836 1834422 73466200 81490458 35% 0.27 0.08 3.16 
2028 7120611 1756671 84235800 93113081 40% 0.31 0.08 3.62 
2029 7978653 1662247 95145976 104786875 45% 0.34 0.07 4.09 
2030 8842932 1283360 106288904 116415196 50% 0.38 0.06 4.57 
2031 9563802 1148102 117340064 128051968 55% 0.41 0.05 5.04 
2032 10321714 667347 128688360 139677421 60% 0.44 0.03 5.53 
2033 10897607 414807 140036144 151348558 65% 0.47 0.02 6.02 
2034 11566815 222935 151180752 162970502 70% 0.50 0.01 6.49 
2035 12163990 103017 162340944 174607951 75% 0.52 0.00 6.97 
2036 12845314 103036 173297424 186245774 80% 0.55 0.00 7.44 
2037 13739345 98345 184072320 197910010 86% 0.59 0.00 7.91 
2038 14441514 98490 193647968 208187972 90% 0.62 0.00 8.32 
2039 15200627 98651 204521072 219820350 95% 0.65 0.00 8.79 
2040 15930463 99265 215423008 231452736 100% 0.68 0.00 9.25 
2041 16488476 71638912 144679728 232807116 100% 0.71 3.08 6.21 
2042 16724791 73494856 142587488 232807135 100% 0.72 3.16 6.12 
2043 17005898 73405264 142395968 232807130 100% 0.73 3.15 6.12 
2044 17297144 98150808 117359176 232807128 100% 0.74 4.22 5.04 
2045 17551076 108568920 106687144 232807140 100% 0.75 4.66 4.58 
 
 
Figure A 18 - Evolution of the trapping during CO2 injection and relaxation 
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Figure A 19 - 2D view of the aquifer after 20 years of CO2 injection at 0.5Mt/year 
 
 
 
 
 
Figure A 20 - 2D view of the aquifer after 20 years of CO2 injection and 5 years of relaxation 
 
 
 
 
 
Figure A 21 - 3D image of the CO2 plume after injection and relaxation in the aquifer (0.01% concentration threshold) 
 
  
6km 
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Polymer solution injection: 2.1% polymer and 500mD aquifer (legend: polymer concentration kg/m3) 
 
 
Figure A 22 - 2D view of the upper part of the aquifer after 5h of polymer injection. 
 
 
 
 
Figure A 23 - 2D view of the upper part of the aquifer after 24h of polymer injection. 
 
 
 
 
Figure A 24 - 2D view of the upper part of the aquifer after 48h of polymer injection. 
 
 
 
 
Figure A 25 – Application of the 90% polymer concentration threshold on 48h injection case. 
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CO2 leakage without gel remediation (permeability of top layer: 400mD) 
 
Table A 22 - data of the leakage through the fractured caprock 
 
 
 
 
Figure A 26 - Evolution of the amount of leaked CO2 and its trapping in overlaying layer 
  
year diss (k.mol) trapp (k.mol) mob (k.mol) TOT (k.mol) diss (tCO2) trap (tCO2) mob (tCO2) TOT (tCO2) TOT (%) TOT (m3)
2045 0 0 0 0 0 0 0 0 0.000 0
2046 17027 2809 28840 48676 731 121 1239 2091 0.001 13561
2047 31735 11662 46730 90127 1363 501 2007 3871 0.002 25110
2048 43605 24783 59185 127572 1873 1065 2542 5480 0.002 35542
2049 56704 36464 68544 161712 2436 1566 2944 6946 0.003 45053
2050 73724 45039 73778 192540 3167 1935 3169 8270 0.004 53642
2051 93213 50489 76603 220305 4004 2169 3290 9463 0.004 61377
2052 113543 56840 75210 245593 4877 2441 3231 10549 0.005 68423
2053 132965 70022 66010 268998 5711 3008 2835 11555 0.005 74943
2054 148688 92510 47003 288201 6387 3974 2019 12379 0.005 80293
2055 164857 96022 47645 308525 7081 4125 2047 13252 0.006 85956
2056 177844 96857 52785 327486 7639 4160 2267 14067 0.006 91238
2057 187488 97265 60538 345291 8053 4178 2600 14832 0.006 96199
2058 195427 97477 69186 362090 8394 4187 2972 15553 0.007 100879
2059 202354 97826 77766 377946 8692 4202 3340 16234 0.007 105297
2060 208915 98065 85956 392935 8974 4212 3692 16878 0.007 109473
2065 234404 98292 124498 457194 10069 4222 5348 19638 0.008 127375
2070 253713 98257 155821 507792 10898 4221 6693 21812 0.009 141472
2075 274909 98103 176144 549156 11808 4214 7566 23588 0.010 152996
2080 298826 143997 141490 584314 12836 6185 6078 25099 0.011 162791
2085 323510 145344 145600 614454 13896 6243 6254 26393 0.011 171188
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CO2 leakage with remediation 
 
Table A 23 - Data of the leakage post polymer-gel remediation 
 
 
 
 
Figure A 27 - Evolution of the leakage after the polymer-gel remediation (amount and trapping) 
 
 
 
year diss (k.mol) trapp (k.mol) mob (k.mol) TOT (k.mol) diss (tCO2) trap (tCO2) mob (tCO2) TOT (tCO2) TOT (%) TOT (m3)
2046 17027 2809 28840 48676 731 121 1239 2091 0.0009 13,561             
2047 20802 24926 3925 49653 894 1071 169 2133 0.0009 13,833             
2048 21830 25063 3589 50482 938 1077 154 2168 0.0009 14,064             
2049 22759 25079 3583 51421 978 1077 154 2209 0.0009 14,326             
2050 23637 25055 3652 52344 1015 1076 157 2248 0.0010 14,583             
2051 24481 25045 3711 53238 1052 1076 159 2287 0.0010 14,832             
2052 25301 25070 3726 54097 1087 1077 160 2324 0.0010 15,072             
2053 26092 25108 3721 54921 1121 1078 160 2359 0.0010 15,301             
2054 26853 25153 3704 55709 1153 1080 159 2393 0.0010 15,521             
2055 27580 25171 3705 56456 1185 1081 159 2425 0.0010 15,729             
2056 28280 25179 3707 57165 1215 1082 159 2455 0.0011 15,926             
2057 28948 25194 3696 57838 1243 1082 159 2484 0.0011 16,114             
2058 29595 25204 3675 58475 1271 1083 158 2512 0.0011 16,291             
2059 30213 25209 3655 59077 1298 1083 157 2538 0.0011 16,459             
2060 30810 25211 3629 59650 1323 1083 156 2562 0.0011 16,619             
2065 33522 25670 2967 62159 1440 1103 127 2670 0.0011 17,318             
2070 35873 25592 2758 64222 1541 1099 118 2759 0.0012 17,892             
2075 37963 25414 2568 65946 1631 1092 110 2833 0.0012 18,373             
2080 39895 25142 2395 67432 1714 1080 103 2896 0.0012 18,787             
2085 41733 24769 2233 68736 1793 1064 96 2952 0.0013 19,150             
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Evolution of the leakage without any remediation/prevention technique (overlaying layer permeability = 400mD): 
 
 
Figure A 28 - 2D image of CO2 leakage in overlaying formation after 1 year 
 
 
 
Figure A 29 - 2D image of CO2 leakage in overlaying formation after 5 years 
 
 
 
Figure A 30 - 2D image of CO2 leakage in overlaying formation after 40 years  
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Evolution of the leakage with polymer-gel remediation technique 
 
 
Figure A 31 - 2D image of CO2 leakage in overlaying formation after 1 year of leakage and 4 years of post-remediation 
 
 
 
Figure A 32 - 2D image of CO2 leakage in overlaying formation after 1 year of leakage and 19 years of post-remediation 
 
 
Figure A 33 - 2D image of CO2 leakage in overlaying formation after 1 year of leakage and 39 years of post-remediation  
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CO2 leakage without latex prevention  
 
Table A 24 - data of the leakage through the fractured caprock (above layer permeability = 2,000mD) 
 
 
 
 
 
Figure A 34 - evolution of the leakage over 40 years 
 
 
 
  
year diss (k.mol)trapp (k.mol) mob (k.mol) TOT (k.mol) diss (tCO2) trap (tCO2) mob (tCO2) TOT (tCO2) TOT (%) TOT (m3)
2045 0 0 0 0 0 0 0 0 0.0000 67          
2046 38985 9180 44710 92875 1675 394 1920 3989 0.0017 25,875    
2047 68730 29898 70495 169124 2952 1284 3028 7265 0.0031 47,118    
2048 113112 41871 81851 236833 4859 1799 3516 10173 0.0044 65,982    
2049 164116 56562 76768 297446 7049 2430 3297 12776 0.0055 82,869    
2050 203318 96404 45767 345489 8733 4141 1966 14840 0.0064 96,254    
2051 242213 97279 60209 399701 10404 4179 2586 17169 0.0074 111,358  
2052 265388 97644 80297 443329 11399 4194 3449 19043 0.0082 123,512  
2053 283727 97836 97075 478638 12187 4202 4170 20559 0.0088 133,349  
2054 306045 97847 115709 519602 13146 4203 4970 22319 0.0096 144,762  
2055 320122 98495 130941 549559 13751 4231 5624 23606 0.0101 153,108  
2056 335696 97762 147715 581173 14419 4199 6345 24964 0.0107 161,916  
2057 351376 97680 161650 610706 15093 4196 6944 26232 0.0113 170,144  
2058 367433 97565 173323 638321 15783 4191 7445 27418 0.0118 177,837  
2059 384399 97477 182273 664150 16511 4187 7829 28528 0.0123 185,034  
2060 402682 97331 188409 688422 17297 4181 8093 29570 0.0127 191,796  
2065 498807 203569 88862 791238 21426 8744 3817 33987 0.0146 220,441  
2070 586667 229525 54348 870540 25200 9859 2334 37393 0.0161 242,534  
2075 663304 221293 49988 934585 28492 9505 2147 40144 0.0172 260,377  
2080 732382 210416 45475 988273 31459 9038 1953 42450 0.0182 275,335  
2085 798089 196226 40573 1034888 34281 8429 1743 44453 0.0191 288,322  
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CO2 leakage with latex prevention 
 
Table A 25 - Data of the leakage with previous application of the latex solution above the caprocks 
 
 
 
 
 
Figure A 35 - Evolution of the leakage with the triggered latex layer 
 
 
  
year diss (k.mol)trapp (k.mol) mob (k.mol) TOT (k.mol) diss (tCO2) trap (tCO2) mob (tCO2) TOT (tCO2) TOT (%) TOT (m3)
2045 0.1 0.1 0.1 0.1
2046 39 0 79 118 2 0.1 3 5 2.1797E-06 33          
2047 89 0 153 242 4 0.1 7 10 4.4617E-06 67          
2048 108 0 261 370 5 0.1 11 16 6.8179E-06 103        
2049 157 0 339 496 7 0.1 15 21 9.1447E-06 138        
2050 180 0 427 607 8 0.1 18 26 1.1202E-05 169        
2051 213 0 519 732 9 0.1 22 31 1.3504E-05 204        
2052 263 0 595 857 11 0.1 26 37 1.5815E-05 239        
2053 284 0 698 982 12 0.1 30 42 1.8125E-05 274        
2054 317 0 791 1107 14 0.1 34 48 2.0433E-05 309        
2055 371 0 862 1232 16 0.1 37 53 2.2736E-05 343        
2056 413 0 944 1357 18 0.1 41 58 2.5037E-05 378        
2057 452 0 1029 1482 19 0.1 44 64 2.7339E-05 413        
2058 478 0 1128 1606 21 0.1 48 69 2.9639E-05 448        
2059 517 0 1214 1731 22 0.1 52 74 3.1935E-05 482        
2060 570 0 1285 1855 24 0.1 55 80 3.423E-05 517        
2065 796 0 1682 2478 34 0.1 72 106 4.5722E-05 690        
2070 1035 0 2062 3098 44 0.1 89 133 5.7154E-05 863        
2075 1326 0 2390 3716 57 0.1 103 160 6.8558E-05 1,035     
2080 1589 0 2744 4333 68 0.1 118 186 7.994E-05 1,207     
2085 1919 0 3030 4949 82 0.1 130 213 9.131E-05 1,379     
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Evolution of the leakage without any remediation/prevention technique (overlaying layer permeability = 2,000mD): 
 
 
Figure A 36 - 2D image of CO2 leakage in overlaying formation after 1 year 
 
 
 
Figure A 37 - 2D image of CO2 leakage in overlaying formation after 5 years 
 
 
 
Figure A 38 - 2D image of CO2 leakage in overlaying formation after 40 years  
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Evolution of the leakage with latex prevention technique 
 
 
Figure A 39 - 2D image of CO2 leakage in overlaying formation with latex after 1 year 
 
 
 
Figure A 40 - 2D image of CO2 leakage in overlaying formation with latex after 20 year 
 
 
 
Figure A 41 - 2D image of CO2 leakage in overlaying formation with latex after 40 year  
Development of CO2 storage leakage remediation techniques using polymer-gel and latex sealant                 47 
 
Results comparison between the leakage with and without latex prevention 
 
 
Figure A 42 - Comparison of leaked amount and gaseous CO2 with and without latex prevention 
 
 
Results comparison between prevention and remediation 
 
Table A 26 - Comparison of leaked amount of CO2 between gel and latex techniques 
Years 
Cumulative mass leaked, tCO2 
Gap % 
Gel remediation Latex prevention 
0 0 0 0% 
5 158 26 83% 
10 177 53 70% 
20 245 106 57% 
40 282 213 25% 
 
 
 
Figure A 43 - Evolution of leaked CO2 amount over 40 years of both techniques 
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Computer simulation code 
 
Simulation of 20 years of leakage followed by 5 years of relaxation: 20y5y200md012.DATA 
 
--        ////////////////////////////////////////////////////////////////////////// 
--       /////  AQUIFER MODELING FOR LEAKAGE REMEDIATION TECHNIQUE SIMULATION  //// 
--      ////////////////////////////////////////////////////////////////////////// 
-- 
-- 
 
------------------------------------------------------------------------------------ 
RUNSPEC 
------------------------------------------------------------------------------------ 
 
TITLE 
'AQUIFER' 
 
DIMENS 
--  Nx     Ny     Nz 
    69    69    23  / 
 
COMPS 
3 / 
 
CO2STORE 
 
SCFDIMS 
3* / 
 
DIFFUSE --being add because of DIFFCGAS 
 
METRIC 
 
TABDIMS 
-- NTSFUN NTPVT NSSFUN NPPVT   (CARREFUL with it for tables !) 
     2     1    50     40 / 
 
REGDIMS --Regions ??? Meaning ??? 
    3 1 0 0 0 1 0 0 0 / 
 
WELLDIMS 
-- NWMAX NWMAXZ NGMAX NWGMAX 
     10   1000     5     5 / 
 
START 
    1 JAN 2020 00:00:00 / 
 
UNIFOUT 
 
UNIFIN 
 
SATOPTS 
HYSTER / 
 
FULLIMP 
 
------------------------------------------------------------------------------------ 
GRID 
------------------------------------------------------------------------------------ 
 
DXV 
-- Cells*length(m) 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DYV 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
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DZV 
5*10 2*40 5*2 4*5 7*10 / 
 
PORO 
23805*0.10   9522*0   76176*0.20 / 
 
PERMX 
23805*20   9522*0.01   76176*2000 / 
 
PERMZ 
23805*2   9522*0.001   76176*200 / 
 
COPY 
PERMX PERMY / 
/ 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   1  69   1  69   1   1 / 
 
TOPS 
4761*1000 / 
 
ENDBOX 
 
CONDFRAC 
-- SCFDIMS to put in RUNSPEC 
-- name    sat_table   aperture    perm  
--  I1  I2  J1  J2  K1  K2  Face 
   FRACTURE     1      9.7E-06       0.00000000000000001 / 
   25  25  35  35  6   7   'Y' / 
/ 
 
INIT 
 
------------------------------------------------------------------------------------ 
EDIT 
------------------------------------------------------------------------------------ 
 
------------------------------------------------------------------------------------ 
PROPS 
------------------------------------------------------------------------------------ 
 
CNAMES 
'H2O'  'CO2'  'NaCl' / 
 
ZMFVD 
1000  1    0  0 
1050  1    0  0 
1074  1    0  0 
1075  0.88  0  0.12 
1275  0.88  0  0.12 
/ 
 
ACTCO2S 
 1 / 
 
DIFFCGAS 
--H2O   CO2   NaCl 
0.001  0.001  / 
 
DIFFCWAT 
--H2O    CO2     NaCl 
0.0001  0.0001  0.0001/ 
 
WSF 
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--With GASWAT in Runspec 
-- drainage 
--  Sw    krw   Pc 
0.200 0 
0.240 0.0059 
0.280 0.019 
0.321 0.038 
0.359 0.0622 
0.400 0.0912 
0.440 0.1248 
0.480 0.1628 
0.520 0.205 
0.560 0.2512 
0.599 0.3014 
0.640 0.3553 
0.680 0.413 
0.720 0.4743 
0.760 0.5392 
0.800 0.6076 
0.841 0.6794 
0.879 0.7546 
0.920 0.8332 
0.960 0.915 
1.000 1  
/ 
 
-- Imbibition 
0.200 0 
0.219 0.001 
0.239 0.0036 
0.258 0.0079 
0.278 0.0141 
0.297 0.022 
0.316 0.0317 
0.336 0.0432 
0.355 0.0566 
0.375 0.0719 
0.394 0.089 
0.414 0.108 
0.433 0.1288 
0.452 0.1516 
0.472 0.1763 
0.491 0.2029 
0.511 0.2314 
0.530 0.2618 
0.549 0.2941 
0.569 0.3284 
0.588 0.3646 
/ 
 
GSF 
--With GASWAT in Runspec 
-- drainage 
--  Sg    krg   Pc 
0.000 0 0.1 
0.040 0.0002 0.11 
0.080 0.0006 0.122 
0.121 0.0015 0.135 
0.159 0.0031 0.15 
0.200 0.0055 0.168 
0.240 0.009 0.193 
0.280 0.0138 0.212 
0.320 0.0199 0.24 
0.360 0.0276 0.273 
0.401 0.037 0.312 
0.440 0.0484 0.356 
0.480 0.0619 0.412 
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0.520 0.0776 0.479 
0.560 0.0957 0.561 
0.600 0.1163 0.663 
0.641 0.1398 0.79 
0.679 0.166 0.944 
0.720 0.1954 1.147 
0.760 0.2279 1.411 
0.800 0.2638 1.76 
/ 
 
-- Imbibition 
0.412 0 0.324 
0.431 0.0001 0.346 
0.451 0.0003 0.371 
0.470 0.0005 0.397 
0.489 0.0009 0.427 
0.509 0.0017 0.459 
0.528 0.0029 0.495 
0.548 0.0048 0.534 
0.567 0.0077 0.577 
0.586 0.0119 0.625 
0.606 0.0176 0.679 
0.625 0.0253 0.738 
0.645 0.0354 0.804 
0.664 0.0483 0.879 
0.684 0.0645 0.962 
0.703 0.0846 1.056 
0.722 0.1091 1.163 
0.742 0.1386 1.284 
0.761 0.1737 1.421 
0.781 0.2152 1.579 
0.800 0.2638 1.76 
/ 
 
ROCK 
-- Pref  Compressibility 
90           0.1E-12 / --default values 
 
RTEMP 
--Set uniform temperature 
40 / 
 
EHYSTR 
0.1  4  2*  KR / 
 
------------------------------------------------------------------------------------ 
REGIONS 
------------------------------------------------------------------------------------ 
 
SATNUM 
109503*1 / 
 
IMBNUM 
109503*2 / 
 
FIPNUM 
23805*1   9522*2   76176*3 
/ 
 
------------------------------------------------------------------------------------ 
SOLUTION 
------------------------------------------------------------------------------------ 
 
EQUIL 
--depth Pressure WOC  GOC 
1000  90 0 0 0 0 / 
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RPTRST 
RESTART AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE/ 
 
RPTSOL 
AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE/ 
 
------------------------------------------------------------------------------------ 
SUMMARY 
------------------------------------------------------------------------------------ 
 
FPR 
 
FGIPG 
 
WBHP 
'Injector1' / 
WBHP 
'Remediation' / 
 
WWIR 
'Remediation' / 
 
FGIR 
FWIR 
FGIT 
FWIT 
 
--FWCD  --CO2 dissolved in water phase 
RWCD 
1 2 3 / 
 
--FGCDI  --CO2 trapped (immobile) in gas phase 
RGCDI 
1 2 3 / 
 
--FGCDM  --CO2 mobile in gas phase 
RGCDM 
1 2 3 / 
 
EXCEL 
 
RPTONLY --write only at defined times 
RUNSUM 
------------------------------------------------------------------------------------ 
SCHEDULE 
------------------------------------------------------------------------------------ 
 
TUNING  
--page 2256 
1 70 1* / 
1* / 
80 1* 120 / 
 
RPTSCHED 
AQSP AQPH DENG DENW VGAS VWAT PRES SGAS SWAT XMF / 
 
WELSPECS 
-- Name       Group   i   j   z.ref  phase  radius  equation 
'Injector1'  'FIELD'  35  35  1229    GAS     1       STD       SHUT       YES / 
'Remediation'  'FIELD'  35  35  1133    WATER     1       STD       SHUT       YES / 
/ 
 
COMPDAT 
-- Name        i   j   k-up  k-down  connex 
'Injector1'    35  35   23   23    OPEN    1* / 
'Remediation'  35  35    8    9    OPEN    1* / 
/ 
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WELLSTRE 
-- Name of the stream   xH2o  xCO2  xNaCl 
'Industrial_CO2'        0.0   1.0   0.0 / 
'Polymers_CO2'          1.0   0.0   0.0 / 
/ 
 
WINJGAS 
-- Name        nature       name of the stream composition 
'Injector1'    STREAM          'Industrial_CO2' / 
'Remediation'    STREAM          'Polymers_CO2' / 
/ 
 
WCONINJE 
-- Name       type   flag   control   surf. target   res. target  BHP limit 
'Injector1'   GAS   OPEN     RATE       755000          1*         400 / 
'Remediation'   WATER   SHUT     RATE       8000          1*         400 / 
/  
 
DATES 
1 JAN 2021 / 
1 JAN 2022 / 
1 JAN 2023 / 
1 JAN 2024 / 
1 JAN 2025 / 
1 JAN 2026 / 
1 JAN 2027 / 
1 JAN 2028 / 
1 JAN 2029 / 
1 JAN 2030 / 
1 JAN 2031 / 
1 JAN 2032 / 
1 JAN 2033 / 
1 JAN 2034 / 
1 JAN 2035 / 
1 JAN 2036 / 
1 JAN 2037 / 
1 JAN 2038 / 
1 JAN 2039 / 
1 JAN 2040 / 
/ 
 
WELLSHUT 
'Injector1' / 
/ 
 
DATES 
1 JAN 2041/ 
1 JAN 2042/ 
1 JAN 2043/ 
1 JAN 2044/ 
1 JAN 2045/ 
/ 
 
------------------------------------------------------------------------------------ 
END 
------------------------------------------------------------------------------------ 
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Simulation of 40 years of leakage without any remediation: R4.DATA 
 
--        ////////////////////////////////////////////////////////////////////////// 
--       /////  AQUIFER MODELING FOR LEAKAGE REMEDIATION TECHNIQUE SIMULATION  //// 
--      ////////////////////////////////////////////////////////////////////////// 
-- 
-- 
 
 
------------------------------------------------------------------------------------ 
RUNSPEC 
------------------------------------------------------------------------------------ 
 
TITLE 
'AQUIFER' 
 
DIMENS 
--  Nx     Ny     Nz 
    69    69    23  / 
 
COMPS 
3 / 
 
CO2STORE 
 
SCFDIMS 
3* / 
 
DIFFUSE --being add because of DIFFCGAS 
 
METRIC 
 
TABDIMS 
-- NTSFUN NTPVT NSSFUN NPPVT   (CARREFUL with it for tables !) 
     2     1    50     40 / 
 
REGDIMS --Regions ??? Meaning ??? 
    3 1 0 0 0 1 0 0 0 / 
 
WELLDIMS 
-- NWMAX NWMAXZ NGMAX NWGMAX 
     10   1000     5     5 / 
 
START 
    1 JAN 2020 00:00:00 / 
 
UNIFOUT 
 
UNIFIN 
 
SATOPTS 
HYSTER / 
 
FULLIMP 
 
------------------------------------------------------------------------------------ 
GRID 
------------------------------------------------------------------------------------ 
 
DXV 
-- Cells*length(m) 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DYV 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DZV 
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5*10 2*40 5*2 4*5 7*10 / 
 
PORO 
23805*0.15   9522*0   76176*0.20 / 
 
PERMX 
23805*400   9522*0.01   76176*2000 / 
 
PERMZ 
23805*40   9522*0.001   76176*200 / 
 
COPY 
PERMX PERMY / 
/ 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   1  69   1  69   1   1 / 
 
TOPS 
4761*1000 / 
 
ENDBOX 
 
CONDFRAC 
-- SCFDIMS to put in RUNSPEC 
-- name    sat_table   aperture    perm  
--  I1  I2  J1  J2  K1  K2  Face 
   FRACTURE     1      1.9       8100 / 
   25  25  35  35  6   7   'Y' / 
/ 
 
INIT 
 
------------------------------------------------------------------------------------ 
EDIT 
------------------------------------------------------------------------------------ 
 
------------------------------------------------------------------------------------ 
PROPS 
------------------------------------------------------------------------------------ 
 
CNAMES 
'H2O'  'CO2'  'NaCl' / 
 
ZMFVD 
1000  1    0  0 
1050  1    0  0 
1074  1    0  0 
1075  0.8  0  0.2 
1275  0.8  0  0.2 
/ 
 
ACTCO2S 
 1 / 
 
DIFFCGAS 
--H2O   CO2   NaCl 
0.001  0.001  / 
 
DIFFCWAT 
--H2O    CO2     NaCl 
0.0001  0.0001  0.0001/ 
 
WSF 
--With GASWAT in Runspec 
-- drainage 
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--  Sw    krw   Pc 
0.200 0 
0.240 0.0059 
0.280 0.019 
0.321 0.038 
0.359 0.0622 
0.400 0.0912 
0.440 0.1248 
0.480 0.1628 
0.520 0.205 
0.560 0.2512 
0.599 0.3014 
0.640 0.3553 
0.680 0.413 
0.720 0.4743 
0.760 0.5392 
0.800 0.6076 
0.841 0.6794 
0.879 0.7546 
0.920 0.8332 
0.960 0.915 
1.000 1  
/ 
 
-- Imbibition 
0.200 0 
0.219 0.001 
0.239 0.0036 
0.258 0.0079 
0.278 0.0141 
0.297 0.022 
0.316 0.0317 
0.336 0.0432 
0.355 0.0566 
0.375 0.0719 
0.394 0.089 
0.414 0.108 
0.433 0.1288 
0.452 0.1516 
0.472 0.1763 
0.491 0.2029 
0.511 0.2314 
0.530 0.2618 
0.549 0.2941 
0.569 0.3284 
0.588 0.3646 
/ 
 
GSF 
--With GASWAT in Runspec 
-- drainage 
--  Sg    krg   Pc 
0.000 0 0.1 
0.040 0.0002 0.11 
0.080 0.0006 0.122 
0.121 0.0015 0.135 
0.159 0.0031 0.15 
0.200 0.0055 0.168 
0.240 0.009 0.193 
0.280 0.0138 0.212 
0.320 0.0199 0.24 
0.360 0.0276 0.273 
0.401 0.037 0.312 
0.440 0.0484 0.356 
0.480 0.0619 0.412 
0.520 0.0776 0.479 
0.560 0.0957 0.561 
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0.600 0.1163 0.663 
0.641 0.1398 0.79 
0.679 0.166 0.944 
0.720 0.1954 1.147 
0.760 0.2279 1.411 
0.800 0.2638 1.76 
/ 
 
-- Imbibition 
0.412 0 0.324 
0.431 0.0001 0.346 
0.451 0.0003 0.371 
0.470 0.0005 0.397 
0.489 0.0009 0.427 
0.509 0.0017 0.459 
0.528 0.0029 0.495 
0.548 0.0048 0.534 
0.567 0.0077 0.577 
0.586 0.0119 0.625 
0.606 0.0176 0.679 
0.625 0.0253 0.738 
0.645 0.0354 0.804 
0.664 0.0483 0.879 
0.684 0.0645 0.962 
0.703 0.0846 1.056 
0.722 0.1091 1.163 
0.742 0.1386 1.284 
0.761 0.1737 1.421 
0.781 0.2152 1.579 
0.800 0.2638 1.76 
/ 
 
ROCK 
-- Pref  Compressibility 
90           0.1E-12 / --default values 
 
 
RTEMP 
--Set uniform temperature 
40 / 
 
 
EHYSTR 
0.1  4  2*  KR / 
 
------------------------------------------------------------------------------------ 
REGIONS 
------------------------------------------------------------------------------------ 
 
SATNUM 
109503*1 / 
 
IMBNUM 
109503*2 / 
 
FIPNUM 
23805*1   9522*2   76176*3 
/ 
 
------------------------------------------------------------------------------------ 
SOLUTION 
------------------------------------------------------------------------------------ 
 
RESTART 
20y5y200md012 25 / 
 
RPTRST 
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RESTART AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
RPTSOL 
AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
------------------------------------------------------------------------------------ 
SUMMARY 
------------------------------------------------------------------------------------ 
 
FPR 
 
FGIPG 
 
WBHP 
'Injector1' / 
WBHP 
'Remediation' / 
 
WWIR 
'Remediation' / 
 
FGIR 
FWIR 
FGIT 
FWIT 
 
--FWCD  --CO2 dissolved in water phase 
RWCD 
1 2 3 / 
 
--FGCDI  --CO2 trapped (immobile) in gas phase 
RGCDI 
1 2 3 / 
 
--FGCDM  --CO2 mobile in gas phase 
RGCDM 
1 2 3 / 
 
EXCEL 
 
RPTONLY --write only at defined times 
RUNSUM 
 
------------------------------------------------------------------------------------ 
SCHEDULE 
------------------------------------------------------------------------------------ 
 
TUNING  
--page 2256 
1 70 1* / 
1* / 
80 1* 120 / 
 
RPTSCHED 
AQSP AQPH DENG DENW VGAS VWAT PRES SGAS SWAT XMF FLOGAS FLOWAT/ 
 
DATES 
1 JAN 2046/ 
1 JAN 2047/ 
1 JAN 2048/ 
1 JAN 2049/ 
1 JAN 2050/ 
1 JAN 2051/ 
1 JAN 2052/ 
1 JAN 2053/ 
1 JAN 2054/ 
1 JAN 2055/ 
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1 JAN 2056/ 
1 JAN 2057/ 
1 JAN 2058/ 
1 JAN 2059/ 
1 JAN 2060/ 
1 JAN 2065/ 
1 JAN 2070/ 
1 JAN 2075/ 
1 JAN 2080/ 
1 JAN 2085/ 
/ 
 
------------------------------------------------------------------------------------ 
END 
------------------------------------------------------------------------------------ 
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Simulation of 40 years of leakage with polymer-gel remediation: R5.DATA 
 
--        ////////////////////////////////////////////////////////////////////////// 
--       /////  AQUIFER MODELING FOR LEAKAGE REMEDIATION TECHNIQUE SIMULATION  //// 
--      ////////////////////////////////////////////////////////////////////////// 
-- 
-- 
 
------------------------------------------------------------------------------------ 
RUNSPEC 
------------------------------------------------------------------------------------ 
 
TITLE 
'AQUIFER' 
 
DIMENS 
--  Nx     Ny     Nz 
    69    69    23  / 
 
COMPS 
3 / 
 
CO2STORE 
 
SCFDIMS 
3* / 
 
DIFFUSE --being add because of DIFFCGAS 
 
METRIC 
 
TABDIMS 
-- NTSFUN NTPVT NSSFUN NPPVT   (CARREFUL with it for tables !) 
     2     1    50     40 / 
 
REGDIMS --Regions ??? Meaning ??? 
    3 1 0 0 0 1 0 0 0 / 
 
WELLDIMS 
-- NWMAX NWMAXZ NGMAX NWGMAX 
     10   1000     5     5 / 
 
START 
    1 JAN 2020 00:00:00 / 
 
UNIFOUT 
 
UNIFIN 
 
SATOPTS 
HYSTER / 
 
FULLIMP 
 
------------------------------------------------------------------------------------ 
GRID 
------------------------------------------------------------------------------------ 
 
DXV 
-- Cells*length(m) 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DYV 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DZV 
5*10 2*40 5*2 4*5 7*10 / 
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PORO 
23805*0.15   9522*0   76176*0.20 / 
 
PERMX 
23805*400   9522*0.01   76176*2000 / 
 
PERMZ 
23805*40   9522*0.001   76176*200 / 
 
COPY 
PERMX PERMY / 
/ 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   1  69   1  69   1   1 / 
 
TOPS 
4761*1000 / 
 
ENDBOX 
 
--permeability reduction ------------------------------------------------- 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   21  49   21  49   8   8 / 
PERMX 
841*235/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   22  48   22  48   9   9 / 
PERMX 
729*235/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   23  47   23  47   10   10 / 
PERMX 
625*235/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
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BOX 
--i1  i2     j1  j2  k1  k2 
   26  44   26  44   11   11 / 
PERMX 
361*235/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   30  40   30  40   12   12 / 
PERMX 
121*235/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
 
CONDFRAC 
-- SCFDIMS to put in RUNSPEC 
-- name    sat_table   aperture    perm  
--  I1  I2  J1  J2  K1  K2  Face 
   FRACTURE     1      1.9       24 / 
   25  25  35  35  6   7   'Y' / 
/ 
 
INIT 
 
------------------------------------------------------------------------------------ 
EDIT 
------------------------------------------------------------------------------------ 
 
------------------------------------------------------------------------------------ 
PROPS 
------------------------------------------------------------------------------------ 
 
CNAMES 
'H2O'  'CO2'  'NaCl' / 
 
ZMFVD 
1000  1    0  0 
1050  1    0  0 
1074  1    0  0 
1075  0.8  0  0.2 
1275  0.8  0  0.2 
/ 
 
 
ACTCO2S 
 1 / 
 
DIFFCGAS 
--H2O   CO2   NaCl 
0.001  0.001  / 
 
DIFFCWAT 
--H2O    CO2     NaCl 
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0.0001  0.0001  0.0001/ 
 
WSF 
--With GASWAT in Runspec 
-- drainage 
--  Sw    krw   Pc 
0.200 0 
0.240 0.0059 
0.280 0.019 
0.321 0.038 
0.359 0.0622 
0.400 0.0912 
0.440 0.1248 
0.480 0.1628 
0.520 0.205 
0.560 0.2512 
0.599 0.3014 
0.640 0.3553 
0.680 0.413 
0.720 0.4743 
0.760 0.5392 
0.800 0.6076 
0.841 0.6794 
0.879 0.7546 
0.920 0.8332 
0.960 0.915 
1.000 1  
/ 
 
-- Imbibition 
0.200 0 
0.219 0.001 
0.239 0.0036 
0.258 0.0079 
0.278 0.0141 
0.297 0.022 
0.316 0.0317 
0.336 0.0432 
0.355 0.0566 
0.375 0.0719 
0.394 0.089 
0.414 0.108 
0.433 0.1288 
0.452 0.1516 
0.472 0.1763 
0.491 0.2029 
0.511 0.2314 
0.530 0.2618 
0.549 0.2941 
0.569 0.3284 
0.588 0.3646 
/ 
 
GSF 
--With GASWAT in Runspec 
-- drainage 
--  Sg    krg   Pc 
0.000 0 0.1 
0.040 0.0002 0.11 
0.080 0.0006 0.122 
0.121 0.0015 0.135 
0.159 0.0031 0.15 
0.200 0.0055 0.168 
0.240 0.009 0.193 
0.280 0.0138 0.212 
0.320 0.0199 0.24 
0.360 0.0276 0.273 
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0.401 0.037 0.312 
0.440 0.0484 0.356 
0.480 0.0619 0.412 
0.520 0.0776 0.479 
0.560 0.0957 0.561 
0.600 0.1163 0.663 
0.641 0.1398 0.79 
0.679 0.166 0.944 
0.720 0.1954 1.147 
0.760 0.2279 1.411 
0.800 0.2638 1.76 
/ 
 
-- Imbibition 
0.412 0 0.324 
0.431 0.0001 0.346 
0.451 0.0003 0.371 
0.470 0.0005 0.397 
0.489 0.0009 0.427 
0.509 0.0017 0.459 
0.528 0.0029 0.495 
0.548 0.0048 0.534 
0.567 0.0077 0.577 
0.586 0.0119 0.625 
0.606 0.0176 0.679 
0.625 0.0253 0.738 
0.645 0.0354 0.804 
0.664 0.0483 0.879 
0.684 0.0645 0.962 
0.703 0.0846 1.056 
0.722 0.1091 1.163 
0.742 0.1386 1.284 
0.761 0.1737 1.421 
0.781 0.2152 1.579 
0.800 0.2638 1.76 
/ 
 
ROCK 
-- Pref  Compressibility 
90           0.1E-12 / --default values 
 
RTEMP 
--Set uniform temperature 
40 / 
 
EHYSTR 
0.1  4  2*  KR / 
 
------------------------------------------------------------------------------------ 
REGIONS 
------------------------------------------------------------------------------------ 
SATNUM 
109503*1 / 
 
IMBNUM 
109503*2 / 
 
FIPNUM 
23805*1   9522*2   76176*3 
/ 
 
------------------------------------------------------------------------------------ 
SOLUTION 
------------------------------------------------------------------------------------ 
 
RESTART 
R4 26 / 
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RPTRST 
RESTART AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
RPTSOL 
AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
------------------------------------------------------------------------------------ 
SUMMARY 
------------------------------------------------------------------------------------ 
 
FPR 
 
FGIPG 
 
WBHP 
'Injector1' / 
WBHP 
'Remediation' / 
 
WWIR 
'Remediation' / 
 
FGIR 
FWIR 
FGIT 
FWIT 
 
--FWCD  --CO2 dissolved in water phase 
RWCD 
1 2 3 / 
 
--FGCDI  --CO2 trapped (immobile) in gas phase 
RGCDI 
1 2 3 / 
 
--FGCDM  --CO2 mobile in gas phase 
RGCDM 
1 2 3 / 
 
EXCEL 
 
RPTONLY --write only at defined times 
RUNSUM 
 
------------------------------------------------------------------------------------ 
SCHEDULE 
------------------------------------------------------------------------------------ 
TUNING  
--page 2256 
1 70 1* / 
1* / 
80 1* 120 / 
 
RPTSCHED 
AQSP AQPH DENG DENW VGAS VWAT PRES SGAS SWAT XMF FLOGAS FLOWAT/ 
 
DATES 
1 JAN 2047/ 
1 JAN 2048/ 
1 JAN 2049/ 
1 JAN 2050/ 
1 JAN 2051/ 
1 JAN 2052/ 
1 JAN 2053/ 
1 JAN 2054/ 
1 JAN 2055/ 
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1 JAN 2056/ 
1 JAN 2057/ 
1 JAN 2058/ 
1 JAN 2059/ 
1 JAN 2060/ 
1 JAN 2065/ 
1 JAN 2070/ 
1 JAN 2075/ 
1 JAN 2080/ 
1 JAN 2085/ 
/ 
------------------------------------------------------------------------------------ 
END 
------------------------------------------------------------------------------------ 
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Simulation of 40 years of leakage with latex sealant prevention: R7.DATA. Restart is on R6.DATA which is the same as 
20y5y200md012.DATA but with a top layer of 2000md instead of 400md. 
 
 
--        ////////////////////////////////////////////////////////////////////////// 
--       /////  AQUIFER MODELING FOR LEAKAGE REMEDIATION TECHNIQUE SIMULATION  //// 
--      ////////////////////////////////////////////////////////////////////////// 
-- 
-- 
 
 
------------------------------------------------------------------------------------ 
RUNSPEC 
------------------------------------------------------------------------------------ 
 
TITLE 
'AQUIFER' 
 
DIMENS 
--  Nx     Ny     Nz 
    69    69    23  / 
 
COMPS 
3 / 
 
CO2STORE 
 
SCFDIMS 
3* / 
 
DIFFUSE --being add because of DIFFCGAS 
 
METRIC 
 
TABDIMS 
-- NTSFUN NTPVT NSSFUN NPPVT   (CARREFUL with it for tables !) 
     2     1    50     40 / 
 
REGDIMS --Regions ??? Meaning ??? 
    3 1 0 0 0 1 0 0 0 / 
 
WELLDIMS 
-- NWMAX NWMAXZ NGMAX NWGMAX 
     10   1000     5     5 / 
 
START 
    1 JAN 2020 00:00:00 / 
 
UNIFOUT 
 
UNIFIN 
 
SATOPTS 
HYSTER / 
 
FULLIMP 
 
------------------------------------------------------------------------------------ 
GRID 
------------------------------------------------------------------------------------ 
 
DXV 
-- Cells*length(m) 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
 
DYV 
1*15000 1*2000 2*1000 5*200 51*2 5*200 2*1000 1*2000 1*15000 / 
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DZV 
5*10 2*40 5*2 4*5 7*10 / 
 
PORO 
23805*0.15   9522*0   76176*0.20 / 
 
PERMX 
23805*400   9522*0.01   76176*2000 / 
 
PERMZ 
23805*40   9522*0.001   76176*200 / 
 
COPY 
PERMX PERMY / 
/ 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   1  69   1  69   1   1 / 
 
TOPS 
4761*1000 / 
 
ENDBOX 
 
--permeability reduction ------------------------------------------------- 
 
BOX 
--i1  i2     j1  j2  k1  k2 
   1  69   1  69   5   5 / 
PERMX 
4761*0.43/ 
COPY 
PERMX PERMY / 
PERMX PERMZ / 
/ 
MULTIPLY 
PERMZ 0.1 / 
/ 
ENDBOX 
 
CONDFRAC 
-- SCFDIMS to put in RUNSPEC 
-- name    sat_table   aperture    perm  
--  I1  I2  J1  J2  K1  K2  Face 
   FRACTURE     1      1.9       8100 / 
   25  25  35  35  6   7   'Y' / 
/ 
 
INIT 
 
------------------------------------------------------------------------------------ 
EDIT 
------------------------------------------------------------------------------------ 
 
------------------------------------------------------------------------------------ 
PROPS 
------------------------------------------------------------------------------------ 
 
CNAMES 
'H2O'  'CO2'  'NaCl' / 
 
ZMFVD 
1000  1    0  0 
1050  1    0  0 
1074  1    0  0 
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1075  0.8  0  0.2 
1275  0.8  0  0.2 
/ 
 
ACTCO2S 
 1 / 
 
DIFFCGAS 
--H2O   CO2   NaCl 
0.001  0.001  / 
 
DIFFCWAT 
--H2O    CO2     NaCl 
0.0001  0.0001  0.0001/ 
 
WSF 
--With GASWAT in Runspec 
-- drainage 
--  Sw    krw   Pc 
0.200 0 
0.240 0.0059 
0.280 0.019 
0.321 0.038 
0.359 0.0622 
0.400 0.0912 
0.440 0.1248 
0.480 0.1628 
0.520 0.205 
0.560 0.2512 
0.599 0.3014 
0.640 0.3553 
0.680 0.413 
0.720 0.4743 
0.760 0.5392 
0.800 0.6076 
0.841 0.6794 
0.879 0.7546 
0.920 0.8332 
0.960 0.915 
1.000 1  
/ 
 
-- Imbibition 
0.200 0 
0.219 0.001 
0.239 0.0036 
0.258 0.0079 
0.278 0.0141 
0.297 0.022 
0.316 0.0317 
0.336 0.0432 
0.355 0.0566 
0.375 0.0719 
0.394 0.089 
0.414 0.108 
0.433 0.1288 
0.452 0.1516 
0.472 0.1763 
0.491 0.2029 
0.511 0.2314 
0.530 0.2618 
0.549 0.2941 
0.569 0.3284 
0.588 0.3646 
/ 
 
GSF 
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--With GASWAT in Runspec 
-- drainage 
--  Sg    krg   Pc 
0.000 0 0.1 
0.040 0.0002 0.11 
0.080 0.0006 0.122 
0.121 0.0015 0.135 
0.159 0.0031 0.15 
0.200 0.0055 0.168 
0.240 0.009 0.193 
0.280 0.0138 0.212 
0.320 0.0199 0.24 
0.360 0.0276 0.273 
0.401 0.037 0.312 
0.440 0.0484 0.356 
0.480 0.0619 0.412 
0.520 0.0776 0.479 
0.560 0.0957 0.561 
0.600 0.1163 0.663 
0.641 0.1398 0.79 
0.679 0.166 0.944 
0.720 0.1954 1.147 
0.760 0.2279 1.411 
0.800 0.2638 1.76 
/ 
 
-- Imbibition 
0.412 0 0.324 
0.431 0.0001 0.346 
0.451 0.0003 0.371 
0.470 0.0005 0.397 
0.489 0.0009 0.427 
0.509 0.0017 0.459 
0.528 0.0029 0.495 
0.548 0.0048 0.534 
0.567 0.0077 0.577 
0.586 0.0119 0.625 
0.606 0.0176 0.679 
0.625 0.0253 0.738 
0.645 0.0354 0.804 
0.664 0.0483 0.879 
0.684 0.0645 0.962 
0.703 0.0846 1.056 
0.722 0.1091 1.163 
0.742 0.1386 1.284 
0.761 0.1737 1.421 
0.781 0.2152 1.579 
0.800 0.2638 1.76 
/ 
 
ROCK 
-- Pref  Compressibility 
90           0.1E-12 / --default values 
 
RTEMP 
--Set uniform temperature 
40 / 
 
EHYSTR 
0.1  4  2*  KR / 
 
------------------------------------------------------------------------------------ 
REGIONS 
------------------------------------------------------------------------------------ 
 
SATNUM 
109503*1 / 
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IMBNUM 
109503*2 / 
 
FIPNUM 
23805*1   9522*2   76176*3 
/ 
 
------------------------------------------------------------------------------------ 
SOLUTION 
------------------------------------------------------------------------------------ 
 
RESTART 
20y5y200md012 25 / 
 
RPTRST 
RESTART AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
RPTSOL 
AQSP AQPH PRES SGAS SWAT XMF DENG DENW PRESSURE VGAS VWAT PRESSURE FLOGAS FLOWAT/ 
 
------------------------------------------------------------------------------------ 
SUMMARY 
------------------------------------------------------------------------------------ 
 
FPR 
 
FGIPG 
 
WBHP 
'Injector1' / 
WBHP 
'Remediation' / 
 
WWIR 
'Remediation' / 
 
FGIR 
FWIR 
FGIT 
FWIT 
 
--FWCD  --CO2 dissolved in water phase 
RWCD 
1 2 3 / 
 
--FGCDI  --CO2 trapped (immobile) in gas phase 
RGCDI 
1 2 3 / 
 
--FGCDM  --CO2 mobile in gas phase 
RGCDM 
1 2 3 / 
 
EXCEL 
 
RPTONLY --write only at defined times 
RUNSUM 
 
------------------------------------------------------------------------------------ 
SCHEDULE 
------------------------------------------------------------------------------------ 
 
TUNING  
--page 2256 
1 70 1* / 
1* / 
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80 1* 120 / 
 
RPTSCHED 
AQSP AQPH DENG DENW VGAS VWAT PRES SGAS SWAT XMF FLOGAS FLOWAT/ 
 
DATES 
1 JAN 2046/ 
1 JAN 2047/ 
1 JAN 2048/ 
1 JAN 2049/ 
1 JAN 2050/ 
1 JAN 2051/ 
1 JAN 2052/ 
1 JAN 2053/ 
1 JAN 2054/ 
1 JAN 2055/ 
1 JAN 2056/ 
1 JAN 2057/ 
1 JAN 2058/ 
1 JAN 2059/ 
1 JAN 2060/ 
1 JAN 2065/ 
1 JAN 2070/ 
1 JAN 2075/ 
1 JAN 2080/ 
1 JAN 2085/ 
/ 
 
------------------------------------------------------------------------------------ 
END 
------------------------------------------------------------------------------------ 
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Critical literature review 
 
Energy Procedia, Volume 4, 2001, Pages 3187-3194 
 
Managing the risk of CO2 leakage from deep saline aquifer reservoirs through the creation of a hydraulic barrier. 
 
Authors: A. Réveillère, J. Rohmer 
 
Contribution to CO2 storage: 
This paper provides a new remediation technique for future issues with CO2 leakage allowing safer storage and better public 
acceptance. The case taken in account is a saline aquifer connected to a shallower aquifer by a leakage pathway (well, fault,  
fracture). 
 
Methodology used: 
A three dimensional model is created with grid block of 25m x 25m with logarithmic progression to the injecting well. The 
multiphase flow of brine-CO2 is achieved with TOUGH2 between the 78m x 78m aquifers with 100m and 10m thickness re-
spectively. Several scenarios are under taken with different injection rate, time delay or leakage detection time. 
 
Conclusion reached: 
The hydraulic barrier appears to be an excellent remediation technique for this type of CO2 reservoir configuration with a leak 
stopped within a year and a prevention for posterior leak. Injection rate and time delay have been found of small influence on 
final CO2 leaked. 
An induce conclusion is the 87% of the leakage occurring after CO2 injection emphasizing the concern of EU commission on 
future owner of the field (the state?). 
 
Comments: 
Problems with pressure gradient inversion on integrity of caprocks are not raised. Leakage detecting time of 10 years seems to 
be a bit overestimated (8.5km radius between monitoring and leakage for 0.1 bar up in above aquifer). 
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Energy Procedia, Volume 1, Issue 1, February 2009, Pages 2557-2564 
 
Feasibility of Reproduction of Stored CO2 from the Utsira formation at the Sleipner Gas Field. 
 
Authors: I. Akervolla, E. Lindeberga, A. Lacknerb 
 
Contribution to CO2 storage: 
This paper show the potential reproduction of CO2 storage reservoir in saline aquifer for either EOR purpose or in the case of 
less suitable reservoir expected thus remediation process. 
 
Methodology used: 
Data from the real field such as real permeability for imbibition and drainage, and CO2-brine interaction properties are taken 
from different studies for the simulation model with a 41 square kilometres model with 150 x 225 x 72m grid block and 
Eclipse 100 for flow simulation. A horizontal well is put in the top part of the CO2 plume in the Utsira formation. 
 
Conclusion reached: 
The reproduction of the stored CO2 is successfully achieved with recovery range of 35.2 – 47.7% after 6 -8 years due to trap-
ping induced in the saline aquifer (dissolution, mineralisation, residual trapping). Shorter horizontal wells appeared to give 
better production because of water cut-off at early time in the longer one. 
The use of reproduction as a remediation technique is proven with this study in case of major incident in the reservoir 
and no better corrective measure to apply. 
 
Comments: 
The number of simulation does not seem to be high. No other paths for the producing horizontal well are shown or stated. 
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SPE 126618 (2009) 
 
Cost-Effective Remediation Strategies for Storing CO2 in Geologic Formations. 
 
Authors: V.A. Kuuskraa, SPE, Advanced Resources International 
 
Contribution to CO2 storage: 
This paper provides a global overview of monitoring and remediation technique prices in a CCS project. 
 
Methodology used: 
Simple study based on the price of CO2 credits for the leak cost in term of CO2 lost. For other means with hardware technolo-
gies, the prices are based on current values in the gas industry with gas leakage remediation. 
 
Conclusion reached: 
The paper resume the three possible type of remediation (reduce pressure in storage formation, increase pressure in overlying 
formation, intercept CO2) and provide a table with basics costs for prevention and remediation technologies. The total amount 
for a project with leakage issues (10 leaks, 10 remediations) is estimated to 124+ $M. The price per tonne of CO2 stored would 
be in the range of $0.45-0.50. 
 
Comments: 
The paper could be more detailed. The study should be way more based on several gas remediation techniques to give better 
estimations of CO2 analogue price.  
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Energy Procedia 4, 2011, pages 3179-3186 
 
Forcing gaseous CO2 trapping as a corrective technique in the case of abnormal behaviour of a deep saline aquifer storage. 
 
Authors: JC. Mancheau, A. Reveillere, J. Rohmer 
 
Contribution to CO2 storage: 
This paper proposes a new method for preventing and remediating possible CO2 leakage in the CCS project by accelerating the 
solubility and capillary trapping of CO2 with a brine injection after stopping the CO2 one. 
 
Methodology used: 
A homogeneous infinite reservoir (100km by 100m) at a depth of 1200m with a CO2 injection of 1Mt per year is modelled. 
Multiphase flows are modelled with TOUGH2 code and EOS module ECO2N in one dimension while hysteretic phenomenon 
are done with iTHOUGH2. 
Different rate of brine injection are compared to a simple relaxation technique.  
 
Conclusion reached: 
While a one year relaxation give a 23% gaseous CO2 phase present in the reservoir, a 9 months brine injection (20kg.s
-1
) gives 
no more free gaseous CO2. Capillary and solubility trappings are both improved with this technique. 
The rapid trapping provided by this technique makes it very suitable for preventing and remediating techniques. A 
higher rate of brine injection gave faster results only due to high reservoir part swept. 
 
Comments: 
- No lab experiments seem to have been done to confirm theory work 
- Ground water natural flow and gravity are not taken in account 
- 3D model would investigate fingering and channelling effects which might decrease final performance of this process. 
- The concerns about potential caprocks fracturing due to brine injecting are raised but not integrated to the author’s 
model: poro-elastic model instead of hydro-geomechanical model. 
A possible WAG-like system with CO2/brine could be a new technique giving excellent results. Research should be 
done on it. 
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SPE 125167 
 
Geomechanical Risk Mitigation for CO2 Sequestration in Saline Aquifers. 
 
Authors: D. Tran, V. Shrivastava, SPE, L. Nghiem, B. Kohse, Computing Modelling Group Ltd. 
 
Contribution to CO2 storage: 
This paper tackle the issues of caprocks integrity in the case of geological storage sites. 
 
Methodology used: 
A geomechanical model of the caprocks and reservoir is built with equation of state and Green-House Gas simulator and in-
house geomechanical code. Barton-Bandis model is used for fractures behaviour. 
 
Conclusion reached: 
The conclusions of all simulations point out these different factors affecting caprock integrity: 
- Tensile effective stress due to high pressure in reservoir 
- CO2 injection rate too high 
- Temperature difference between CO2 injected and formation. Lower temperature in injection delays failure onset 
Designing injection with CO2 rate and temperature would allow avoiding caprock CO2 leakage. 
 
Comments: 
- Nothing about remediation techniques. Interesting on designing the injection. 
- Shear stress and fault-slip caprock failure are not taken in account in the paper. 
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SPE 1658-PA (1967) 
 
Calculation of the Leak Location in an Aquifer Gas Storage Field 
 
Authors: P.G. Burnett 
 
Contribution to CO2 storage: 
This paper presents a method to find the leakage location in case of caprock failure. It is important in CCS project to identify 
and locate the leakage in order to apply the appropriate remediation method. Distance from current observation and injection 
wells are important regarding gelation of polymers for example. 
 
Methodology used: 
The method is based on non-steady flow calculation using pressure responses in observation wells (3 at least) in permeable 
overlying formation. Data from an existing leaking field is used here. Leak location is determined graphically with the follow-
ing steps: 
- shut-in the wells 
- pressure decline due to the leak 
- water level are calculated with non-steady state flow at constant rate 
- times of a given water level dropping in each well is recorded (here 40ft) 
- square roots of the time response is linked to distance from 2 considered wells 
- lines of proportional distance between two wells are traced on a map 
- intersection is giving leak location 
 
Conclusion reached: 
This method shows good results to identify the leak location but presents two drawbacks: 
- gas reservoir with one leak can be investigated or with multiple leaks but close to observation wells 
- Overlying formation has to be relatively homogeneous. 
 
Comments: 
Milestone paper. 
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SPE 97228 (2006) 
 
Mitigating oil bypassed in fractured cores during CO2 flooding using WAG and polymer gel injections. 
 
Authors: D. Chakravarthy, V. Muralidaharan, E. Putra, D.T. Hidayati, D.S. Schechter 
 
Contribution to CO2 storage: 
This paper is absolutely not related to CCS but it is a perfect analogue in case of fracture in caprocks leading to leak: authors 
try to seal a core fracture here for CO2-EOR purpose while remediation techniques want to seal caprock fractures. In both case 
the fracture pathway has to be seal regarding CO2 fluid. 
 
Methodology used: 
Cores with a fracture have been used for continuous CO2 injection, WAG injection, and gel-CO2 injection and analysed with 
CT-scan during experiments (iodide elements were added). Xanthan was used to increase water viscosity in WAG while Guar 
gum with borate cross linker was used to create gel.  
 
Conclusion reached: 
- CO2-EOR did not give good recovery improvement due to early breakthrough (RF = 65%) 
- WAG increased only by 4.5% the recovery. CO2 is still moving rapidly by fracture (RF = 80%) 
- Delayed cross-link gel was able to seal completely the fracture as proven by CT-scans, and final recovery hits 95%. 
Gel injection in the fractured reservoir happened to be very efficient since core is fully saturated in CO2, gel is intact at the end 
of experimentation, and no CO2 has flown through the gelled fracture. 
These experiments show that gel-remediation technique could be very efficient for CCS reservoir with fractured caprocks.  
 
Comments: 
More investigation has to be done since the gel selected here, despite good results, may not be the best regarding brine-CO2-
rock-gel interactions. 
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Energy Procedia 4, 2011, pages 3216-3223. 
 
Remediation of possible leakage from geologic CO2 storage reservoirs into groundwater aquifers. 
 
Authors: A. Esposito, S.M. Benson 
 
Contribution to CO2 storage: 
By simulating several remediation techniques for groundwater aquifers, the authors provided key results on designing a CO2 
remediation technique with such leaks but also a good analogue for saline aquifers CO2 re-production. 
 
Methodology used: 
A 100m thick homogeneous groundwater aquifer is modelled with a 25 meter square CO2 leak beneath it. Multiphase flow is 
simulated using TOUGH2 and ECO2N while relative permeability are achieved with Genuchten-Mualem model. 
Different studies are realised: 
- CO2 plume shape investigation 
- Vertical/horizontal well efficiency comparison to produce CO2 
- Optimal depth for horizontal well CO2 production 
- Water injection wells to decrease gaseous CO2 concentration 
- Remediation using both water injection and CO2 production with different pattern. 
 
Conclusion reached: 
- Consistent CO2 plume shapes are found. Migration process has been found to be divided in primary then secondary 
one 
- Vertical extraction with step process is giving the best results for extraction 
- Horizontal well in middle of the intruded aquifer is giving best final results while a bottom placement gives the quick-
er results 
- Water injection directly in the plume allows dissolving all gaseous CO2 in less than 3 months with high pressure build 
up. This process is perfect if the objective is to remove the gaseous phase. But pressure increase seems to be the cause 
of dissolution (not water injection) leading to worst results if CO2 is then re-produce: pressure will decrease leading to 
re-gasification, water-CO2 is has lower mobility to be produced, CO2 has moved away from leak location 
- The 5-pattern with first water injection in the donut-shaped CO2 plume followed by production with 4 wells around it 
has given the best percentage removal rate. Continuous water injection and CO2 production appeared to be efficient 
for large leak. 
 
Comments: 
Confirm the results found in paper “Forcing gaseous CO2 trapping as a corrective technique […]” about rapid dissolution of 
CO2 with plume water injection, but raise the concern about the CO2 dissolved water since the leak itself is not stopped. 
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SPE 92003 (2004) 
 
Reservoirs simulations of gel treatments to control water production, improve the sweep efficiency and the conformance factor 
in Eastern Venezuelan HPHT fractured reservoirs. 
 
Authors: J. Herbas, S. Kumar, R. Moreno, M.F. Romero, H. Avenano 
 
Contribution to CO2 storage: 
This paper is using gel treatment to enhance IOR water flooding in fractured reservoir. This principle could be applied to plug 
fractures in caprocks on CCS project.  
 
Methodology used: 
Eclipse Black Oil Polymer was used to create a simulation model of a HP/HT Venezuelan fractured field with granulation and 
open fractures. Gel used in simulator is a polymer polyacrylamide with two cross-linkers (phenol, formaldehyde). Data from 
the original field where gel operation where achieved were gather in literature for the specific well. 
Several scenarios where run: 
- Simulations at different times thus different water-cut 
- Gel treatment on injection well, production well, and both wells. 
 
Conclusion reached: 
Results from simulation were less than observed improvement on real data but still significant:  
- With water-cut from 80 to 93% (natural depletion) the recovery factor improved by 3 to 2% respectively. Lower in-
cremental production for gel technique with high WC. 
- By injecting 5,000 barrels of gel in injection, production then both wells improvement where respectively: 1.7%, 2.1% 
and 3.2% 
- Induced fractures in sandstone reservoir are not sensitive to the recovery after gel application. 
 
Comments: 
Instantaneous gel settling model is used here leading to limitations in the model because of gelation time. 
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SPE 2357 (1970) 
 
Foam as blocking agents in porous media 
 
Authors: R.A. Albrecht, S.S. Marsden 
 
Contribution to CO2 storage: 
This paper tackles the use of foam, with particular effect on permeability in porous media, to plug existing fractures in 
caprocks. It is a perfect analogue to CCS leakage issues.  
 
Methodology used: 
De-aerated foamed solution was injected in plugs followed by air injection at Pi to create foam in-situ. The pressure was then 
decrease to a value Pb at which the air flow is blocked. Different types of foam were tested such as Gafen FA-1, Triton X-100, 
Aerosol TR-70 and Petrowet R. 
 
Conclusion reached: 
While Aerosol TR-70 and Petrowet R did not have any blocking properties, Gafen FA-1 appeared to be 10-30% more efficient 
than Triton X-100. A relationship between Pi and Pb was found. Fractured sandstone results shown a double-value in the Pi-Pb 
relationship compared to unfractured plug. The decreasing in pressure seems to expand the air inside the bubbles which reduce 
the permeability in the medium. Foam saturation has been linked to blockage property: the less saturated, the less blocking. 
 
Comments: 
Inlet pressure is said to be reduced quickly. What about slow decrease like in leak scenarios? 
What about the place of foam today?  
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Journal of Petroleum Technology, December 1987 
 
Polymer flooding review 
 
Authors: R.B. Needham and P.H. Doe 
 
Contribution to CO2 storage: 
Giving information about the different types of polymers. These polymers could be used in possible application to CO2 storage 
reservoir.  
 
Conclusion reached: 
Polymers have three impacts in reservoirs: modifying fractional flow, decreasing water/oil mobility ration, and bring injected 
water to non-swept reservoir zone. They are added to increase water viscosity, and crosslinking agents act to reduce permeabil-
ity on a long lasting basis in creating a sealing gel. There are two major types of polymers: 
 Synthetic polymers (polyacrylamides): 
- Low price 
- Good viscosity in fresh water 
- Lasting permeability reduction with adsorption by rock surface 
- Bad performance in saline water 
- High adsorption in saline water but no permeability reduction 
- Degradation with shear stress 
- May precipitate in calcite water with temperature above 77°C 
 Bio-polymers: 
- Xanthan gum is the most used 
- Excellent viscosifying in high salinity water but less than synthetic ones in fresh water 
- Fast degradation with high temperature (superior at 93°C) 
Recoveries using gel polymers have shown in five fields 1.5 times higher recoveries by reducing permeability in reservoirs 
with high irregular permeability. 
Global paper conclusions: 
- Sandstone and carbonate reservoir application showed the good feasibly of polymer flooding 
- The process is more efficient on secondary recovery then tertiary 
- Reported success in 1987 were all with polyacrylamides 
- Efficiency of the process seems to be linked to mobile oil saturation according to simulation 
 
Comments: 
There seem to have an issue with high salinity water reservoir. More literature is needed to understand why and whether this 
type of synthetic polymers can be used in deep saline aquifers or not. 
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SPE 7043 (1978) 
 
Polymer flooding technology – Yesterday, today, and tomorrow. 
 
Authors: H.L. Chang 
 
Contribution to CO2 storage: 
Giving information about the different types of polymers. These polymers could be used in possible application to CO2 storage 
reservoir.  
 
Conclusion reached: 
Here are interesting properties of polymers giving in this paper: 
- Fresh water (<10,000ppm total solids dissolved) are needed for polyacrylamide because only 3% of NaCl is reducing 
by 90% its efficiency 
- Xanthan gum plug are affected by micro-bacterial degradation (bacteria, yeasts, fungi) thus requiring bactericides like 
formaldehyde. Polyacrylamide have also to be treated despite lower bacterial risks 
- High clay of formation is consuming polymers 
- Because of wellbore plugging issues and higher cost biopolymer are not often used 
- A resistance and residual resistance factor are used to describe mobility reduction and permeability reduction effects 
(FRR from core flooding): 
    
  
  
 
  
  
  
  
                    
   
   
 
   
   
 
- Hydroxyethyl cellulose (HEC), like polysaccharides, and appear to be less affected by high salinity and stable with 
temperature over 200’F. Polyethylene oxide has same polyacrylamide properties but at high concentration. Both have 
not been applied to field yet (1978) 
- Adsorption phenomena are also linked to salinity: the higher the salinity, the higher the adsorption is. Laboratory data 
cannot be extrapolated to field easily 
- Interactions between fluid/fluid and fluid/rock with reservoir ions and impurity have to be evaluated 
- Oxygen, leading to stability issues like screen factor of 30%, can be prevented with addition of sodium hydrosulfite 
for polyacrylamides 
- Thermal stability after 6 months has never been investigated (1978). pH and metal ion have shown impact on this sta-
bility 
- Low permeability formation, under 20md, have to be avoided 
- Carbonate reservoir because of its high heterogeneities, high calcium and magnesium content have to be carefully in-
vestigated 
- Reservoir with aquifers should be avoided 
 
Comments: 
Excellent paper  
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SPE 91787 (2004) 
 
Field-scale polymer flooding: lessons learnt and experiences gained during past 40 years. 
 
Authors: Y. Du, L. Guan 
 
Contribution to CO2 storage: 
Giving information about the different types of polymers and giving best practice of their use and design. These polymers 
could be used in possible application to CO2 storage reservoir.  
 
Conclusion reached: 
This paper resumes global knowledge of polymer flooding like papers from 70’s. Chemical structure of polyacrylamide can be 
found: CH2-CH(CONH2), while bad behaviour in ionic substance like salt is explained by the release of water previously ad-
sorbed. Main performance is depending of molecular weight and the degree of hydrolysis of this polymer. Only property added 
compared to other paper is the low molecular weight of bio-polymer and their high resistance to shear degradation. 
Permeability in the field is supposed to be between 20 to 2300md, while permeability variation in the range of 0.28 to 
0.80. Porosity is determining the amount needed for polymer flooding. Some interesting paragraphs are concerning CCS: 
- High initial water saturation in reservoir can be deleterious for flooding 
- Good performances observed at 6500ft and 229’F. Oxygen-free system has to be maintained with chemical for exam-
ple (0.0ppm) 
- Huge issues have been found with clay presence in reservoir which swell, or Gypsum in saline environment which re-
duce polymer viscosity. Presence of clay is EXTREMELY IMPORTANT. 
- High salinity brine: micellar solution can be prepared not to be affected by salty brines. 
- “Pre-slug” use so that polymer is not in contact with high saline brine (future use for CCS?). Dow pusher 500 and 700 
polyacrylamide polymers tested with salty brine. 
- High molecular weight polymer is giving the better resistance factor/reduction in permeability but can lead to plug-
ging formation if too high. 
- Rule of thumb and proper way to calculate the appropriate molecular weight are given. 
 
A best practice is given to design properly a polymer flooding: 
I. Reservoir characteristics 
II. Laboratory tests 
III. Fractional flow calculation 
IV. Simulation 
V. Tests 
VI. Quality control 
VII. Field monitoring 
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SPE 113193 (2008) 
 
Laboratory evaluation of Water-Swellable Materials for fracture shutoff. 
 
Authors: I. Abbasy, J. Vasquez, D. Dalrymple. 
 
Contribution to CO2 storage: 
This paper is presenting Water-Swellable Materials (WSM) which could be used in a remediation plan for CCS leakage. 
 
Methodology used: 
Three different type of WSM will be tested in core flow: 
- WSP: polyacrylamide 
- WSR1: Chloroprene rubber / hydrophilic resin 
- WSR2: Nitrile rubber 
These materials are supposed to be mixed “on the fly” thus requiring no mixing equipment. An effective seal is supposed to be 
provided in hours. Three different aspects of the WSM are assessed: 
- Swelling properties: 4oz bottles are filled with carrier fluids (fresh water, water + KCl or NACl or CaCl2), WSM at 
concentration of 2%, brought to temperature (75°F, 105°F, 135°F, 180°F) then let up to 70 hours. The weight of carrier 
fluid left after filtration is used to determine the amount of water absorbed by WSM with following equation       
       
(                     )                         
                        
 
 
- Fracture shut-off capability: synthetic cores are used with a fracture in middle. The pressure differential in the plug is 
recorded with brine, then fracture is filled with WSM at different fracture volume percentage, then the brine flow is 
back and the new pressure differential over time is recorded till final stabilisation leading to fracture sealing. 
 
- Long term thermal stability: 
- Visual test: pre-swollen materials are place in 165,000 ppm of brine with 1.2% of H2S, 7.5% of CO2 and 91.3% of 
N2. After different times, the solution is observed 
- Core-flow test: synthetic sea water was injected in the core with WSM in the fracture, then the same gases as 
above are injected and the pressure differential recorded. 
 
- High differential pressure stability: an impermeable synthetic core is use here. Once the fracture was plugged by 
WSM the pressure differential is raise to 1000psi and the behaviour of the barrier observed. 
 
Conclusion reached: 
- Swelling properties: WSP, WSR1 and WSR2 were found to have respectively 400, 6 and 3 swelling factor. Salinity is 
highly reducing this factor while temperature and particle size do not infer that much. 
- Fracture shut-off capability: WSP lead to fracture plugging in few minutes while other WSM needed 5-6 days to effi-
ciently seal the induced fracture. 
- Long term thermal stability: 
- Visual test: no visual degradation after 30 days of exposure. 
- Core-flow test: no observed degradation. 
- High differential pressure stability: pressure differential was kept at 1000psi during 30 days with temperature from 
135°F to 275°F proving the pressure and temperature resistance of the WSP. 
 
Comments: 
The CO2 content of these experiments was really low compare to a CCS project thus the not entirely relevance of results for 
remediation technique. 
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SPE 138258 (2010) 
 
Advancements in technology and process approach reduce cost and increase performance of CO2 flow monitoring and remedi-
ation. 
 
Authors: R.E. Sweatman, S.D. Marsic, G.R. McCoplin 
 
Contribution to CO2 storage: 
This paper provides an excellent, probably the best, overview of new monitoring and remediation techniques available. 
 
Conclusion reached: 
New monitoring techniques have significant lower costs than more traditional one and allow giving quicker warning about 
leakage in reservoirs 
CO2 polymer-gel sealants are now available. 
 
Comments: 
First paper to raise the CO2 triggered sealant. 
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Carbon Dioxide Capture for Storage in Deep Geologic Formations, Volume 2. 
 
Natural gas storage industry experience and technology: potential application to CO2 geological storage. 
 
Authors: K.F. Perry 
 
Contribution to CO2 storage: 
This paper is providing good analogues for CCS projects. 
 
Conclusion reached:  
Surface monitoring techniques and observation wells are the best methods to discover any leak 
Gas storage industry already possesses control technology for leakage 
Future CCS project can mitigate risks based on current knowledge of natural gas storage 
New fluids like foam should by investigated to gas migration/leak 
Field-integrity testing have to be realised with latest available technologies 
The low amount of leak with this industry over 90 years proves the safety of this type of storage 
New technologies have emerged regarding saline aquifer storage 
 
Comments: 
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Chemical Review 99, pages: 543-563 
 
Polymerizations in Supercritical Carbon Dioxide  
 
Authors: J.L. Kendall, D.A. Canelas, J.L. Young, J.M. DeSimone. 
 
Contribution to CO2 storage: 
Paper proving the potential of supercritical CO2 as a solvent for polymerization by gathering past experiment.  
 
Methodology used: 
Literature review based on 177 publications. 
 
Conclusion reached: 
The use of CO2 as a solvent for polymerization has been demonstrated in many experimentations leading to future using soon. 
 
Comments: 
Very technical paper, need chemical skills to perfectly understand it. 
 
 
 
 
 
